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ABSTRACT
WALKING FOR OBJECT TRANSPORT:
AN EXAMINATION OF THE COORDINATIVE ADAPTATIONS TO
LOCOMOTOR, PERCEPTUAL, AND MANUAL TASK CONSTRAINTS
MAY 2019
AVELINO C AMADO, B.S, UNIVERSITY OF MASSACHUSETTS, AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST
Ph.D. UNIVERSITY OF MASSACHUSETTS, AMHERST
Directed by: Professor Richard E.A. van Emmerik

The goal of this dissertation was to understand how the intrinsic dynamics of gait
adapt to support the performance of an ecologically relevant object transport task. A
common object transport task is walking with a cup of water. Because the water can move
relatively independent of the cup, the cup and water system is classified as a complex
object. To model this task participants carried a cup with a wooden lid placed on top. On
the lid there was a circular region with the same circumference as the cup and a ball. The
object of the task was to keep the ball inside the circular region. We explored two questions:
1) how do the intrinsic coordinative gait dynamics adapt to support object transport during
walking? And 2) how do individuals adapt to manually control a complex object when
asked to concurrently attend to visual information?
To address question 1, participants walked on a treadmill at six speeds (0.4 - 1.4
m/s) and performed three conditions: normal walking, walking with a cup only (Cup), and
walking with the cup and ball (Cup-Ball). When performing the Cup-Ball condition, as gait
vi

speed increased, pelvis-thorax coordination was more in-phase compared to the normal
walking and the Cup conditions. Arm-leg coordination was affected by the performance of
the Cup-Ball condition. On the constrained side arm-leg coordination was 2:1 while a 1:1
relationship was maintained on the unconstrained side. A correlation between the
amplitude of the unconstrained arm and manual task performance revealed a significant
negative correlation as gait speed increased, indicating that individuals who reduced their
arm swing performed better. To address question 2, participants walked on a treadmill at
three gait speeds under four task conditions: normal walking, walking with the cup and ball
system (Cup-Ball), walking while identifying visual stimuli (Visual), and a combined
condition where participants walked with the cup and ball system while identifying visual
stimuli (Cup-Ball-Vis). The addition of the visual task in study 2 resulted in the head
orientation to be more extended relative to the trunk with a larger range of motion
compared to the manual task only condition; participants optimized on the visual task at
the expense of manual task performance. In both manual task conditions pelvis-thorax
coordination was more in-phase as gait speed increased and more variable compared to the
walking only condition. The latter result demonstrates the functionality of increased
coordination variability during object transport tasks. The amplitude of the unconstrained
arm decreased as the system became more constrained (i.e., going from walking only to
Cup-Ball to Cup-Ball-Vis tasks). Although the arm amplitude decreased, the unconstrained
arm maintained a 1:1 arm-leg coordination while the constrained arm was in a 2:1
relationship for both manual task conditions. This result demonstrates that the
unconstrained arm continues to move to counteract angular momentum imparted by the

vii

legs while the arm carrying the object is coupled to the step frequency, counteracting
disturbances imposed by heel contacts.
The overall results from both studies demonstrate that the body’s natural walking
dynamics adapt to support manual task performance. The segments not directly involved
in the task continue to interact to maintain intrinsic gait dynamics. This dissertation makes
significant contributions to the literature by demonstrating: 1) asymmetries in arm-leg
coordination are exploited by the body to maintain manual task performance and intrinsic
gait dynamics; 2) amplitude of the freely swinging arm is an important factor in task
performance during object transport; and 3) increased variability at the level of the pelvisthorax interaction plays a functional role in maintaining both manual and visual task
performance. The significance of the findings here is that they demonstrate how task
constraints alter intrinsic coordination dynamics during walking in order to support
performance while at the same time maintaining gait stability.
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CHAPTER I

DEVELOPMENT OF THE PROBLEM

1.1 Background

Many activities of daily living require the manipulation of complex objects or tools
in a functional manner. For example, when tasks are performed during postural or
locomotor activities, it requires a reorganization of the system such that both postural
stability and task performance can be maintained. This is a complex control problem
because it requires an understanding of the dynamics of the body and of the object being
manipulated, as well as their interaction. For example, when walking with a cup filled with
liquid, a minimum force must be applied by the hand to be able to carry it. That force is
then transmitted to the cup, causing the fluid to move. To avoid spilling the contents,
continual adjustments are needed not simply at the level of the hand, but by the entire body.
Despite its commonplace in activities of daily living, little is known about how the act of
walking and carrying an object like a full glass of water is controlled.
The literature on object transport during gait is varied in its approach to
understanding how the body controls such tasks. One line of research has focused on the
force applied to an object by the hand. Broadly, these studies show that the application of
force is coupled to events in the gait cycle and vertical trunk movements (Gysin, Kaminski
et al., 2003; Diermayr, Gysin et al., 2008; Gysin, Kaminski et al., 2008; Diermayr, McIsaac
et al., 2011). The interpretation of this body of work has been framed using classical
theories of motor control. That is, they are explained using the machine metaphor. When
assuming the body can be conceptualized as a machine that can store and retrieve memories
1

like a computer, control of movement involves a series of feedforward or feedback loops
to update internal models rooted in the brain. Explaining adaptive behavior from this
perspective is difficult because perceptual information needs first to be put into the model,
processed and interpreted before an adequate response can be generated, potentially taking
a relatively long period of time. James Gibson proposed an alternative view of the problem
in that:

“Locomotion and manipulation . . . are controlled not by the brain but by
information. . . . Control lies in the animal– environment system. . . . The rules that govern
behavior are not like laws enforced by an authority or decisions made by a commander;
behavior is regular without being regulated. The question is how this can be.” (Gibson,
1979; Warren, 2006)

The studies outlined in this dissertation will broadly address the question, how does
the body adapt to support object transport? We will approach adaptive behavior as an
emergent property of the animal-environment interaction rather than a preconstructed
command generated by an internal model (Warren, 2006).

1.2 An Ecological Approach to Object Transport

1.2.1 Direct Versus Indirect Perception

Perception and action are inextricably linked. We perceive to move and move to
perceive (Gibson, 1979). The circular relationship between action and perception stands in

2

stark contrast to indirect theories of perception where movement is constructed through
logical processes, much like a computer. Most of the work done in object transport are
rooted in indirect theories of perception. These theories of perception believe sensory
information is impoverished because sensations are thought to be nothing more than
electrical activity generated by the activation of a receptor. The brain must make sense and
give meaning (e.g., hot, cold, pain, hunger, etc.) to sensations before the agent can
experience or know the world. Meaning is derived from mental models that store a
representation of the world from prior experiences to generate perception. Like a computer,
the internal model uses the precept as an input to generate an appropriate response via a
motor program (Turvey & Shaw, 1995; Turvey, 2004)
When considering how the body stabilizes a fluid-filled cup while walking, an
indirect approach becomes difficult. Movement of liquid in a container is unpredictable
due to its non-linear properties and the parameters that affect it (back-and-forth, lateral,
vertical, and pitch of the container) (Mayer & Krechetnikov, 2012; Sternad & Hasson,
2016). Feedback and feedforward models have been proposed as means of explaining
adaptive behavior. If control was based solely on feedback, the moment-to-moment fluid
motion may have already changed before an appropriate response was ready, because the
current state of the system is being compared to an internal model. Indirect theories rely on
the brain to construct perception based on the sensory input, and from this perspective
sensation precedes perception. Because the brain needs time to process sensory
information, there is a delay between stimulus and response. Feedforward control tries to
avoid sensory delays by predicting future states of the system based on mental
representation of the movement (Warren, 2006; Stepp & Turvey, 2015). The only sensory
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information that is used to control movement in this case is the current state of the system
(Warren, 2006; Stepp & Turvey, 2015). On the surface, indirect theories of perception
provide clean and logical explanations for observed phenomena. This is largely because
they are predicated on linear causation, that is, from the perception of the environment to
the actualization of action there is a cause for every effect. The pitfall of the indirect
approach is that it leads to an infinite regress because nothing can be defined without the
definition of a prior state. Biologicals systems are complex, and each component of the
system is part of a network that, once destroyed, cannot be reconstructed in a linearly
additive fashion. More importantly, biological systems are non-linear in that a single input
does not have a proportional effect and can lead to many potential outputs. Therefore,
behaviors displayed by biological systems when interacting with their environment are
largely context specific (Rosen, 1988; Brooks, 1991). To avoid the pitfalls of the indirect
theories of perception requires abandoning the idea of an internal model and accepting that
the information needed to move already exists in the world (Brooks, 1991).
Information about the world comes in the form of structured energy fields (Fajen,
Riley et al., 2009). For example, natural light is emitted from the sun and is reflected (or
absorbed) by different surfaces in the environment. Indirect theories rely on mental
processes because they believe sensory information is impoverished and ambiguous.
Ambiguity arises from the view that receptors are passive organs and a pattern of
stimulation (or the activation of a particular grouping of sensory receptors) can be
generated by a number of different objects in the environment. As a result, the belief is a
one-to-many (i.e., there are many sources of energy for a given precept) relationship
between the receptor and the environment exists (Fajen et al., 2009). Rejecting this notion

4

and accepting that all pertinent information for the control of action is available in the
world is to ascribe to an ecological approach and a theory of direct perception. The
ecological approach does not require mental processes to rationalize sensations into
perceptions, rather perception is born from the interaction between the animal and
environment. In case of the reflected light or any other type of energy field (sound, smell,
vibration, etc.), information emerges as the animal moves. Movement gives rise to changes
in the distribution of the energy field, revealing invariant features of the object or
environment (i.e., structural invariance). The opportunities for action that are available to
the animal are specified by the transformational invariants, or lawful changes in the energy
field, making perception specific to the source (Turvey & Shaw, 1995; Fajen et al., 2009).
Transformational invariants are also key for the continuous control of action.
From an ecological perspective the control of action is prospective. Like
feedforward control, prospectivity deals with impending events (Stepp & Turvey, 2015).
Where they differ drastically is that prospective control is not derived from a model, but
one based in perceptual information. Prospective control guides movement by allowing
individuals to adapt their behavior to changing constraints and opportunities for action, or
affordances. Therefore, prospective control is key to tuning the system’s behavior (Fajen
et al., 2009; Stepp & Turvey, 2015).

1.2.2 Affordance Based Control

Affordances, or opportunities for action, are real properties of the animalenvironment interaction and are animal-specific. Meaning that each animal, depending on
their physical attributes, may not be able to perform the same action within the same
5

environment. Affordances are only realized when the individual is attuned to the
information being provided in the interaction and has the capacity to act on those
opportunities (Fajen et al., 2009). Exploratory behavior is central to the discovery of new
affordances as well as the fine tuning of action capabilities. Exploratory movements occur
on faster time scales compared large scale macroscopic movements and manifest
themselves as low amplitude high frequency signals, often mistaken for superimposed
noise in kinematic measurements. Variations on slower time scales are performatory,
meaning that the fluctuations seen in the signal are adaptations made to support task
performance and obtain perceptual information simultaneously (Riccio, 1993). Exploratory
and performatory behaviors are important because together they define when the
configuration (i.e., posture) of the system is reaching the limits of its action boundaries.
In affordance based control action boundaries (i.e., the separation between possible
and impossible action) play a major role. The action boundaries are set by the maximum
and minimum values of an action-relevant variable. The perceived affordance is taken
relative to a corresponding action-relevant variable. There are no ideal values for the
variable of choice, so long as they stay within the bounds action can be continuously
controlled (Fajen, 2007). An example that is commonly used is braking while driving. If
braking does not occur within a specific period, there are adverse consequences. The
original views of prospective control only considered the changing rate of braking based
of the visual time-to-contact variable (tau). As highlighted by (Fajen, 2007), tau does not
consider the individual’s action capabilities. By considering the individual’s action
boundaries, affordance based control is more aligned with Gibson’s concept of affordances.
It allows the agent to act however they please within these bounds to accomplish the goal.
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In many ways carrying a cup during walking bears some similarities to breaking. To avoid
spilling, the individual must be aware of where the fluid is relative to the rim and how
much force they are applying to the cup. In transporting a cup of water, the time-to-contact
is not between an individual and a surface in the environment, but between the water and
the rim of the cup. Time-to-contact is an informational variable that will guide how the
individual moves to avoid spilling. The question is how is the individual perceiving the
fluid-rim time-to-contact? It could be perceived by visually monitoring the motion of the
fluid or through the manual contact with the cup itself.
Performing a precision manual task while walking requires the system to organize
and coordinate manual and gait performance, suggesting that haptic perception may also
contribute to guiding action. The dynamic touch subsystem is responsible for perceiving
the body (proprioception), the interaction between the body and the object
(exteroperception), and the body-object-environment relation (pro-exteroperception)
(Gibson, 1979; Turvey & Carello, 2011). The work done on haptic perception has shown,
in the absence of vision, that the body is able to perceive physical characteristics of an
object as a function of wielding it. The deformation of the skin and of tissues (muscles,
tendons, ligaments, etc.,) yields perceptual information about the inertial properties of the
object. The mass, symmetry, and volume characteristics of the object relative to the agent’s
action capabilities define the behavioral possibilities for action (Turvey, 1996; Turvey &
Carello, 2011).
In carrying a glass filled with water the hand applies a force on the cup that is
indirectly transmitted to the water, causing a sloshing motion (Mayer & Krechetnikov,
2012). The movement of the water plays back on the hand. Presumably what the individual
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is perceiving, through dynamic touch, is the motion of the water relative to the rim of the
glass. The rim provides a physical boundary that will constrain the possibilities for action
before the fluid spills. To understand how one perceives the fluid-cup interaction, Hasson
and colleagues (2012) created a virtual model of the task. The cup was modeled as a Ushaped bowl with a ball inside representing the fluid (participants interacted with the cup
through a robotic arm). An advantage of the virtual fluid-cup model is that it allows for full
understanding of the participant’s dynamics and how they relate to the known task
dynamics. To quantify the fluid-cup interaction, Hasson and coworkers (2012) developed
the energy margin, a 3D manifold defined by the angular position and velocity of the fluid,
and acceleration of the cup. The energy margin defines all possible states the fluid can
assume without leaving the cup (Hasson, Hogan et al., 2012). It is akin to the time-tocontact variable and represents a means of quantifying prospective control at the level of
the task (Lee, 1976; Riccio, 1993). That is, if the instantaneous state of the system is
projected into the future and it goes beyond the energy margin, then fluid will escape the
cup if no corrections take place. To avoid spilling will require a system-wide response (e.g.
arm posture, pelvis-thorax adjustments, arm swing, etc.). Nasseroleslami and colleagues
(2014) demonstrated that a potential strategy for controlling underactuated objects (objects
with more degrees of freedom that need to be controlled compared the degrees of freedom
available to control them) prospectively is to make the system more regular. Using a robotic
arm to move a virtual U-shaped object with a ball in it (a model for fluid in a cup), the
authors had individuals oscillate the ball between two targets at a given tempo. With no
specific instructions about what the cup-ball relationship should be, participants gravitated
to amplitudes and relative phase relationships that provided the more predictable solution
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between the ball and cup forcing. These results provide support for the notion that
prospective control is a function of maintaining invariant relationships over time. The
caveat though is that the individuals could force the ball as much as they wanted because
in their model the ball could not escape the cup. There is no clear evidence of whether or
not this strategy would work in the physical world (Nasseroleslami, Hasson et al., 2014;
Sternad & Hasson, 2016).

1.2.3 Self-Organization as The Basis of Action

To prevent fluid from spilling requires the rest of the system be flexible and
adaptable. Visual and haptic information along with task goals provide constraints, or
action boundaries, for possible adaptable behavior. A theory of action consonant with
affordance based control is dynamic systems theory. From this perspective, the
organization of movement is not dependent on a motor program for its description but is
an emergent property that is born from constraints (Turvey & Shaw, 1995). An important
feature of the self-organizing approach is that the parts that make up a system do not have
to be similar in nature. This allows objects with different physical characteristics and
potentially different spatial locations to be coordinated (Kugler & Turvey, 1987). This
organizational style of movement is key to Nicolai Bernstein’s notion of synergies. When
considering how a system with many degrees of freedom organizes itself, Bernstein
proposed that the body groups muscles according to function rather than anatomy (Turvey,
2007). The softly-assembled, context specific, grouping of muscles has been termed
‘muscle synergies’ (Latash, 1996; Latash, 2000; Turvey, 2007; Latash, 2012).
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Critical to the control of complex actions is the control of posture. This is reflected in the
organizational structure of Bernstein’s four tier functional hierarchy. The level of tone
(level A) is the base of the hierarchical structure, and it is responsible for changing the
excitability of all muscles, and specializes in controlling the neck and trunk (Bernstein,
Latash et al., 1996). The responsibility of grouping of synergies is at the level of musculararticular linkages, or synergies (level B). The level of synergies is important because it
reliably produces movement patterns, has the ability make corrections based on haptic
feedback from muscular perceptual machinery, and can exploit higher levels of functioning
(C and D, the levels of space and action, respectively) (Turvey, 2007). The level of space
(level C) deals with tasks such as aiming and walking. Bernstein attributes the level of
space to the principle of equifinality, or the ability of the system to converge on a given
point in space from many different starting points. It brings the feature of flexibility and
maneuverability (Bernstein, 1996). The level of action (level D) provides the boundary
conditions for level B to achieve whole-body adaptations to perturbations.

1.2.3.1 The Organizational Principles of The Level of Synergies

The level of synergies is not something concrete in the nervous system, rather it is
a level of abstraction. It abides by physical principles of thermodynamics and selforganization (Kugler & Turvey, 1988). Understanding the level of synergies through this
framework provides mathematical tools and theoretical language to describe a high
dimensional system in terms of low dimensional variables. This was at the heart of
Bernstein’s theoretical program. Collapsing the dimensions of the system represents a
solution to its redundancy or, as it has been most commonly known as, degrees of freedom
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problem. Furthermore, understanding the level of synergies from a self-organizing
thermodynamic system perspective offers the ability to identify principles that guide the
transition from one organizational structure to the next without invoking representational
control (Kelso, 1984; Turvey, 2007). From a self-organization perspective, synergies are
described using collective variables. Collective variables, or order parameters, capture the
aggregate behavior of the segments in coordination. Theoretically this represents the
condensing of degrees of freedom. The system and its spatio-temporal evolution can be
captured by a single variable (Kelso & Jeka, 1992).
In the coordination literature, the collective dynamics of the system have been
captured by the order parameter relative phase. Relative phase is a circularly entailed
variable in that it emerges out of the collective behavior of the system’s components, but
in turn helps regulate how the components interact. For example, in healthy walking the
legs move anti-phase. This behavior plays a role in driving arm swing. As will be seen
below, arm-leg coordination plays an important role in maintaining normal thorax-pelvis
coordination across different gait speeds. Important to the identification of order
parameters are bifurcations, or the change from one coordinative pattern to another. The
coordinative behavior of the order parameter is altered when the control parameter, a
variable external to the system harboring no specific instructions, alters the energy in the
system. In the coordination literature, an example of this is the walk to run transition. As
gait speed (the control parameter) increases, a point is reached were walking becomes
energetically costly and the coordination pattern becomes unstable, influencing the
individual to transition to running (Diedrich & Warren Jr, 1995). When, as a function of
increasing the energy in the system in a non-specific fashion, a coordinative pattern gives
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way to the emergence of a new one then this provides information about the intrinsic
dynamics, or the inherent stability of the pattern (Kelso, 1995).

1.3 Intrinsic Dynamics of Gait

1.3.1 Arm-Leg Coordination

In normal walking arm-leg coordination plays a critical role in maintaining upright
stance. At preferred walking speed, homologous limb pairs swing anti-phase while the armleg relationship is such that the contra-lateral limbs are in-phase (Donker, Beek et al.,
2001). Gait speed has been shown to alter these patterns. Arm motion has been modeled as
oscillating pendula (Webb, Tuttle et al., 1994; Wagenaar & Van Emmerik, 2000). At
preferred walking speeds, the arms and legs are 1:1 frequency locked where arm swing is
synchronized to the stride frequency. At slower speeds (below 0.75 m/s) there is a transition
to 2:1 frequency locking where the arms are synchronized to the step frequency (Van
Emmerik, Wagenaar et al., 1998; Wagenaar & Van Emmerik, 2000). The 1:1 and 2:1
modes of walking represent the intrinsic dynamics of the system.
During object transport the arm(s) are constrained by the task. Depending on the
nature of the object being carried, the degree of arm swing allowed can vary. In the example
of carrying a cup filled with water, the arms are asymmetrically constrained. Currently our
understanding of how asymmetrically constrained arms may affect the arm-leg
coordination comes from the work of Ford and colleagues (2007). The authors reported
that when a single arm is artificially constrained, the amplitude of the unconstrained arm
swing increases as a compensation (Figure 1.1). When walking is studied absent of context
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it is difficult to understand why arm swing amplitude increases. It may be to maintain
normal arm-leg frequency locking. Ford and coworkers (2007) showed that as gait speed
increases, the unconstrained arm maintains typical coordination with the legs (transition
from 2:1 to 1:1), while the constrained arm stays attracted to a 2:1 coordination (Figure
1.1). This research has provided important insights into the intrinsic dynamics of arm-leg
coordination, however how this relationship changes when performing functional tasks
such as carrying an object is not known. When carrying a cup of water excessive arm swing
may lead to a spill due to increased trunk movement. Therefore, arm-leg coordination needs
to be studied while a manual task is being performed. As will be discussed in the following
section, the arms play an important role in maintaining healthy pelvic-trunk coordination.
Because of this, the pelvic-trunk intrinsic dynamics may also be influenced by task
performance.

Figure 1.1 Arm Swing Amplitude and RPI. Arm swing amplitude (left) and arm-leg
frequency locking (right) results reported by Ford and colleagues (2007). As gait speed
increases, the amplitude of the unconstrained arm increases (green line), and transitions
from a 2:1 to a 1:1 coordination. While the constrained arm (red line) maintains
primarily a 2:1 coordination.
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1.3.2 Pelvis-Thorax Interaction

In healthy adults, the pelvis and thorax move in-phase at low walking speeds. As
gait speed increases this relationship shifts gradually to anti-phase, with a concomitant
increase in pelvic rotation in the transverse plane (i.e., the pelvic-step) (Van Emmerik &
Wagenaar, 1996; Bruijn, Meijer et al., 2008). The counter rotation of the thorax is critical
for allowing the arms to balance the angular momentum produced by the lower limbs. As
gait speed increases the range of motion of the trunk decreases while the degree of arm
swing increases (Kubo, Holt et al., 2006; Baird, 2012). When the arms are artificially
constrained, whole body angular momentum increases. This is a result of a sustained
contribution of the legs to the whole-body angular momentum and the inability of the
thorax on its own to produce enough angular momentum to counteract the legs, creating an
asymmetry between upper and lower body (Baird, 2012). Compared to natural walking
conditions, artificially constraining the arms delays the onset of pelvis-thorax anti-phase
coordination as gait speed increases (Baird, 2012). There is reason to believe that holding
an object may have a similar effect. Seay and colleagues (2011) showed that compared to
unconstrained walking, carrying a rifle leads to more in-phase pelvic-trunk coordination
and lower coordinative variability (Figure 1.2). Carrying a rifle while walking or running
is a move toward a more functional assessment of the pelvis-thorax-arm interaction, but it
is still limited in terms of the constraints of the task. The rifle provides a mechanical
constraint, but there were no specific goals for carrying the rifle. Like the studies that
artificially constrained the arms with braces it showed that mechanically constraining the
arms affects the intrinsic dynamics of the pelvic-trunk relationship. To expand our
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understanding of how the pelvis, trunk, and arms relate, more ecologically relevant task
constraints are needed.

Figure 1.2 Pelvis-Thorax CRP When Carrying A Rifle. Pelvic-Thorax coordination
(left) and coordinative variability (right) in the transverse plane. When the arms were
constrained by the rifle (M4), coordination became more in-phase and decreased in
variability. Although the soldiers were carrying a rifle, a step towards functional
assessment of pelvic-trunk coordination, there was no specific task for the soldier (e.g.,
stabilize the rifle position) (Seay, Hasselquist et al., 2011).

1.4 Locomotion and Manipulation

1.4.1 Grasping an Object While Walking

Fluid motion is unpredictable. Therefore, how the hand interacts with the cup is not
something that cannot be planned or programmed prior to contact; rather, it is tuned by
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visual information prospectively (Anderson & Bingham, 2011). Work done in this area has
shown environmental context (i.e., obstacles or no obstacles in front of the object to-begrasped) affects adaptive behavior of the hand (Carnahan, McFadyen et al., 1996; Bertram,
2002; Rinaldi & Moraes, 2015; Rinaldi, van Emmerik et al., 2017). For example, the
maximum hand aperture occurs closer to the object when task difficulty increases. This
also leads to a decrease in gait speed and an increase in stance time (Carnahan, McFadyen
et al., 1996; Bertram, 2002; Rinaldi & Moraes, 2015; Rinaldi, van Emmerik et al., 2017).
An overarching theme in the walking and prehension literature has been to try and identify
a preferred foot for grasping. Although results vary, people tend to grasp objects when
stepping with the ipsilateral lower limb, representing a break in the common anti-phase
relationship typically seen in the ipsilateral arm-leg coordination. The findings highlight
the significant role played by manual task constraints in giving rise to patterns outside of
those seen in unconstrained walking (Rinaldi & Moraes, 2015). In addition, the trunk acts
to support the arm in the act of grasping while walking (Bertram, 2002). For example, when
reaching for a cup full of water compared to a nearly empty one, the trunk increases its
displacement while the net motion of the arm is backwards, suggesting the trunk is getting
closer to the to-be-grasped object (Bertram, 2002). How the trunk interacts with the pelvis
is unknown as no full body analysis has been conducted on such a task.

1.4.2 Object Transport During Gait

Object transport represents an ecological constraint on the arms. The earliest work
on manual task performance showed that upper and lower body interlimb coordination
abide by the same coordination laws that dominate the rest of the system. To investigate
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the relationship between upper and lower limbs, Muzzi and colleagues (1984) had
participants clap their hands while walking. They demonstrated, despite no specific
instructions on when clapping should occur, that clapping events organized around heel
strike (either in-phase or anti-phase) (Muzii, Warburg et al., 1984; Whitall & Getchell,
1996). These results are important because it demonstrates how the strength of the intrinsic
frequencies of the legs influences the arms to entrain to its periodicity, suggesting that
resonance may be a factor that constrains the organization of action (Treffner & Turvey,
1993; Turvey & Carello, 1996). Although the participants were not carrying an object,
these observations are significant because they highlight the intrinsic interconnectivity that
exists between the upper and lower limbs when the arms are engaged in a task.
When carrying a glass of water, the maximum and minimum force applied to the
cup also appears to be coordinated with events in the gait cycle (Gysin et al., 2003). Peak
force occurs approximately at heel strike, while minimum force occurs approximately in
mid stance. When comparing walking with a full glass of water with and without a lid, the
force applied to the cup is reduced along with the coupling strength between the grip force
and inertial forces acting on the cup when the lid was removed. These adaptations suggest
the body is attempting to dampen the forces generated during walking affecting the fluid
in the cup. The strong temporal coupling between the hand carrying the object and events
in the gait cycle may serve as perceptual information that tunes the interaction amongst the
parts. Amado and colleagues (2016) made a similar claim when studying the maintenance
of bi-manual rhythms in standing posture. The authors had expert percussionist play several
rhythms in two postures, single legged and two leg stance. In both postures Amado and coworkers (2016) reported traces of the dominant manual frequency in the center of pressure
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signal. When going from a two footed to a single-footed stance, there is an increase in the
postural fluctuation because the area of the base of support is limited (Amado, Palmer et
al., 2016). To prevent the fluctuations from affecting the manual task, the body decreased
the coupling between the postural and manual task (as indicated by a reduction in the
presence of the manual frequency in the center of pressure). The reduction in coupling can
only occur by modifying how the body’s segments are moving relative to each other.
Although the control of upright stance maybe different between static posture and gait, the
results reported by Amado and colleagues (2016) are relevant to object transport. If the
body is perturbed, and the fluid in the cup was tightly coupled to the movement of the
center of mass, it would spill.
How the body modifies the relationship between its segments to alter coupling
strength is largely unknown. This is because our knowledge of how the system adapts is
limited. Work done on the interaction with complex objects has shown that the body can
freeze or release degrees of freedom depending on the consequences of the task. When
carrying a cup of water, versus a cup of rocks of the same mass, individuals tend to release
degrees of freedom resulting in an increase in systemic variability. Suggesting that the
variability is functionally related to task performance (Togo, Kagawa et al., 2012). The
question is, what aspect of the task participants are using to inform their bodies about the
degrees of freedom that should be used to successfully transport the cup of water?
The work conducted thus far on complex object manipulation during walking has
treated the manual task as a binary variable (i.e., did the participant spill or not?). In
attempts to address our lack of understanding of task dynamics in walking, Liuzzo (2017)
had participants perform a task like twisting a bottle cap. The goal of the task was to twist
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the nut as far down the bolt as possible during in a given distance. Liuzzo (2017) reported
that compared to performing the task standing still, participants performed worse when
walking (did not twist the nut as far down the bolt). Despite having participants walk at
two different speeds (preferred and fast), the authors reported no effect of speed on task
(Liuzzo, 2017). The significance of these results for the current study is that speed may not
affect manual task performance. The drawback of the Liuzzo (2017) study is that the object
they used in the study is a solid object, and there is no precision required. Furthermore,
their primary performance outcome variable is largely descriptive and does not provide any
insights into how the task was controlled. Similar to the literature on complex object
transport, Liuzzo (2017) also fails to report how and where the body adapts. Therefore,
there is a need to address the lack of information regarding how the body organizes its
degrees of freedom during walking and object transport.

1.5 Statement of The Problem

Object transport is an important activity of daily living. Despite its commonplace
there is limited information about how the body accomplishes these tasks. The bulk of the
literature focused on manual control during gait has shown that there are a variety of
changes that occur along the kinematic chain to prepare for picking the object up
(Marteniuk, Ivens et al., 2000; Rinaldi & Moraes, 2015; Rinaldi, van Emmerik et al., 2017).
Currently there is a larger gap in the knowledge of how the body adapts once the object
has been picked-up. The small body of literature on the topic has demonstrated that there
is a strong coupling between the grip force applied to the object and events in the gait cycle.
That is, the force applied to the object is largest around heel contact and decreases in mid19

stance. When there is a possibility of spilling the water, the amount of force applied to the
container is reduced. This suggests that individuals may try to increase the dampening of
forces being transmitted to the cup (Gysin et al., 2003). This interpretation is supported by
findings that people increase their coordinative variability when the demands of the task
increase (Togo et al., 2012). Togo and colleagues (2012) reported that, when carrying a
glass of water versus a glass filled with an equivalent weight in rocks, functional
coordinative variability was higher when people are carrying the water. These findings
suggest that when performing a task with obvious consequences for failure the body can
reorganize its movement patterns or allow increased variability of existing ones. From an
ecological perspective variability plays dual roles. In terms of perception, variability in
movement is a means of gathering task relevant perceptual information to stabilize
performance (Riccio, 1993). From the action side, variability in movement patterns allows
for the individual to be flexible and adaptive to changing constraints. Our current
knowledge shows there are system wide changes as a function of task constraints, but we
don’t know where the adaptations are occurring or their nature.
The body is not decomposable into parts, but to understand how the parts relate to
one another is to understand how the body adapts. The literature on arm swing shows that
arm-leg coordination is multi-stable (Wagenaar & Van Emmerik, 2000). At preferred
walking speeds and higher it is attracted to a 1:1 frequency mode locking between the arms
and legs, and gradually changes to a 2:1 mode locking as gait speed slows down. The
change from a 1:1 to 2:1 arm-leg frequency relationship is accompanied by changes in armleg phasing (Donker et al., 2001). For object transport this is of significance because these
behavioral characteristics of the system represent its intrinsic dynamics. During
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performance, task constraints interact with the system’s intrinsic dynamics to affect how
the body will adapt. Transporting an object with a single hand means that there is a free
arm oscillating. How this free arm will affect task performance is unknown. Many studies
have constrained the arms artificially to understand its function during gait.
The pelvis and the thorax move relatively in-phase when walking at slower speeds.
As gait speed increases they begin to move more anti-phase. In studies where both arms
were kept from moving, pelvis-thorax coordination tended to stay more in-phase as speed
increased in comparison to normal arm swinging (Baird, 2012). Transporting an object
with a single arm allows one arm to be freely swinging. From the studies that have
considered asymmetrically constrained arms, a consistent finding is that the amplitude of
the free arm is increased relative to normal arm swing (Ford et al., 2007). Increasing the
amplitude of the free arm may help to compensate for the constrained arm, but when the
arm is constrained ecologically (e.g., carrying a glass filled with liquid) it may be
maladaptive. To date there is no understanding of how ecologically constraining the system
with a manual task affects the pelvic-thorax-arm interaction.

1.6 General Approach

The studies outlined in this dissertation seek to explore how the body adapts when
it is transporting a complex object. Because very little information about this topic is
available, the studies outlined below will use young healthy individuals. The specific goals
are to: 1) determine the effects of manual task constraints on coordination, and 2)
understand how coordinative behavior adapts to support manual task performance when
people must attend to visual information. To address our aims a general approach will be
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taken where participants will perform a manual task while walking. The manual task will
require individuals to carry a standard 12 oz glass cup with a flat lid. To simulate fluid
moving inside of the cup, a ball will be placed on top of the lid. The goal of the task will
be to avoid “spilling” fluid. On the lid there will be a circular boundary with a
circumference equal in size to the cup (from here on the lid will be referred to as the target
surface). Participants will be informed that it will be considered a spill when the ball goes
outside this boundary.
The cup will be held in the participant’s dominant hand. To ensure everyone has
the same grip we will ask participants will be instructed to hold the glass with a neutral, or
semi-supine arm posture and to contact the cup with the palm of their hand and all their
fingers. To prevent participants from assuming an unnatural arm posture when performing
the task, they will be instructed to hold the cup as if they were walking down a hallway or
in between rooms at home (an elbow angle of approximately 90O). To monitor the cup’s
position in space, three dimensional markers will be placed on the borders of the target
surface. The ball will be covered in reflective material, allowing for the ball’s movement
to be captured. To gain insights into how the body adapts to different task constraints,
analyses will be carried out at the level of task performance, coordination, and posturalmanual integration.

1.6.1 Study 1: Coordinative Adaptations During Object Transport

Manually interacting with an object is common to many activities of daily living.
When solid objects have internal degrees of freedom, such as a cup filled with a fluid, they
are classified as complex objects. When transporting a complex object, studies have shown
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that humans try to impose regularity on the object while still being aware of the boundary
conditions for action (Hasson et al., 2012; Nasseroleslami et al., 2014). Although these
findings offer important insights into how humans handle this control problem, the studies
were conducted in static postures using an apparatus with limited degrees of freedom.
Studies that have considered behavioral responses to walking with a fluid-filled glass have
shown that spilling is dependent on how much fluid is in the cup, the initial acceleration of
the body, and the degree of focus (Mayer & Krechetnikov, 2012). To accommodate
perturbations the body can freeze and release degrees of freedom depending on the degree
of difficulty of the task; but where those adaptations occur and how they occur are unknown
(Togo et al., 2012).
Insights into the nature of where adaptations to perturbations may occur can be
found in the literature which has investigated arm-leg and pelvis-thorax coordination.
When physically constraining the arms, the effects can be seen across the entire system.
For example, when both arms are constrained, the pelvis and thorax are more in-phase as
gait speed increases (Ford et al., 2007; Baird, 2012). When a single arm is constrained the
pelvis-thorax coordination stays relatively in-phase. The constrained arm cycles mostly at
a 2:1 compared to the leg and the unconstrained arm maintains largely a 1:1 frequency
mode locking across different gait speeds (Ford et al., 2007). Constraining arm movement
has also been shown to lead to changes in stride frequency (Eke-Okoro, Gregoric et al.,
1997; Baird, 2012). It is important to highlight that the adaptations reported here are a
function of artificial constraints. How the body adapts to ecological constraints remains
unknown. Therefore, the purpose of this study is to understand how the body adapts to
ecological manual task constraints. We are interested in answering the following questions:
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1) how are the body’s intrinsic dynamics affected by carrying a complex object while
walking, and 2) how does gait speed affect how the body adapts?
To understand how the body adapts to support the performance of a manual task
during walking, we will gradually increase the degree of constraint placed on the system.
Participants will walk under the following conditions: unconstrained, with the cup, and
while performing the task. We are interested in understanding how coordination and
coordinative variability are altered as transport and manual constraints are increased.
Because gait speed has been shown to alter coordinative behavior, we are also interested
in understanding how gait speed affects manual task performance and manual-locomotor
coupling.

1.6.1.1 Study 1 Hypotheses

H 1.1a Coordination between the thorax and the pelvis will be more in-phase when
performing a goal oriented manual task. Seay and colleagues (2011) found that pelvisthorax coordination was more in-phase when running and walking with a rifle. Because
individuals in the current experiment will be required to stabilize the fluid, in efforts to
reduce the motion of the body, participants will also work to limit their pelvic-trunk relative
motion.
H1.1b Coordination between the arms and ipsilateral legs will not be affected by
performing a goal oriented manual task. Ford and colleagues (2007) found that the arm that
was left free to swing maintained a normal coordination with the legs. Given that the
dominant arm will be constrained by a task, we believe our findings will resemble those of
Ford and colleagues (2007).
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H1.2 Coordinative variability between the pelvis and thorax when performing a
goal oriented manual task will decrease when compared to walking with no arm
constraints. Seay and colleagues (2011) found that pelvis-thorax coordination variability
decreased when running and walking with a rifle.
H 1.3 Manual task performance will remain unchanged as a function of gait speed.
Liuzzo and colleagues (2017) reported that manual task performance is unchanged when
comparing over ground self-paced preferred walking to fast paced walking.
H 1.4 Manual-locomotor coupling will increase with gait speed. Gysin and
colleagues (2003) reported that postural-manual coupling increased as gait speed increased.
The increase in coupling strength was thought to be

1.6.2 Study 2: Coordinative Adaptation to Visual Task Performance During Object
Transport

The visual guidance of gait represents most of the research on the perceptual basis
for walking (Warren, 2006; Fajen, 2007). From watching blind people move about the
world, we know that vision is not the only perceptual system responsible for guiding
movement. The haptic perceptual system, unlike any other form of perception covers the
entire body. Its subsystem, dynamic touch, is responsible for obtaining information about
the environment, the body, and how the body relates to itself as a function of muscular
effort (Gibson, 1966; Turvey, 1996; Carello & Turvey, 2004). The work done on object
manipulation has shown that absent of vision an object’s properties (e.g., length, weight,
orientation, etc.) can be obtained by wielding it (Turvey, 1996; Turvey & Carello, 2011).
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This area of research has shed light on the capabilities of the dynamic touch subsystem,
but it has all been done from a static standing or seated posture.
In activities of daily living we transport objects from one point to the next, requiring
we interact with it while walking. The complexity of object transport is amplified if it has
contents free to move (internal degrees of freedom), like a cup filled with fluid. The extant
body of literature that has considered object transport during gait has allowed the
participant to have visual information about the cup (Gysin et al., 2003; Mayer &
Krechetnikov, 2012; Togo et al., 2012). For most activities of daily living objects are
transported in an environment that will require the individual attend to visual information
outside of the cup. If haptic information being gathered by the hand is relevant to the task,
then when an individual visually attends to other aspects of the environment the,
information about an impending spill should be available. Evidence for this claim comes
from the work of Riley and colleagues (2002). The authors showed that people wield
objects in different ways when trying to obtain specific properties of an object. This
suggests that manual exploratory movements are purposeful and may be able to guide
whole body movements (Riley, Wagman et al., 2002). The purpose of this experiment is
to understand how the body adapts to support manual task performance when
simultaneously engaged in a visual task.
To understand how people, utilize different perceptual modalities to prevent
“spilling fluid” participants will perform a visual task, a manual task, and a visual and
manual task combined. The manual task will be the same as described above. For the added
visual task, a screen in front of the participant will display a series of Landolt C’s. The goal
of the task will be to identify when the “C” is opened to the left. When performing the

26

visual and manual task simultaneously the instructions will be to avoid “spilling the fluid”
and identify the C’s that open to the left. We are interested in understanding how
coordination and coordination variability are altered when performing the visual and
manual task simultaneously. The dual task literature has shown that people do not perform
as well when asked to do two tasks simultaneously (Woollacott & Shumway-Cook, 2002).
Therefore, we are interested in quantifying how task performance and manual-locomotor
coupling are affected when performing the visual and manual task simultaneously. Both
visual conditions will be performed at the individual’s preferred gait speed and half of their
preferred speed.

1.6.2.1 Study 2 Hypotheses

H 2.1a Coordination between the thorax and the pelvis will become more in-phase
when performing a concurrent visual and manual task. The rationale follows the same line
of thinking as above. There will be less pelvis-thorax relative motion in attempts to stabilize
both the visual field and the manual task.
H2.1b Coordination between the free arm and ipsilateral leg will not be affected by
performing a concurrent visual and manual task. The rationale falls in line with hypotheses
1.1b.
H2.2 Coordinative variability between the pelvis and thorax will decrease when
performing a goal oriented manual task while attending to visual information. The
rationale follows the same hypotheses 1.2.
H 2.2 When attending to visual information, manual task performance will
decrease. The rationale for this hypothesis follows from typical results of the dual task
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literature that sees decrements in task performance while performing two concurrent
tasks (Woollacott & Shumway-Cook, 2002).
H 2.3 Manual-locomotor coupling will decrease when performing a manual and
visual task simultaneously. Amado and colleagues (2016) reported that postural-manual
coupling decreases as postural difficulty increases, presumably to keep postural
fluctuations from affecting manual task performance.

1.7 Significance of The Dissertation

Understanding how the body organizes its degrees of freedom to support object
transport allows for several contributions to the literature. First, it will help build the
foundation for manual task performance during gait. Currently, there is a limited amount
of work concerning a task that is common place in activities of daily living. While the work
that has been published provides a strong starting point, it leaves many open questions
about how the body is able to coordinate complex motions. These proposed studies provide
an avenue to understanding how intersegmental coordination adapts to support
performance of a continuous manual task while walking. Currently the bulk of the literature
has focused on changes in grip force applied to the object at different parts of the gait cycle.
In addition, the proposed studies will provide an ecological context for our understanding
of the intersegmental adaptations that happen during gait. The changes that occur between
the arm-leg, pelvis-thorax, or pelvis-thorax-arm couplings have been studied primarily as
a function of speed. Although speed is a realistic constraint on action, without context
interpreting why certain adaptations occur is difficult. Therefore, this dissertation aims to
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understand how the body adapts to changes in locomotor, perceptual, and manual task
constraints.
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CHAPTER II
LITERATURE REVIEW

Carrying a glass of water across a room is a complex task requiring whole-body
coordination. To avoid spilling liquid, adaptations beyond the level of the arms are needed.
This requires a continuous link between perception and action. Although this seems to be
an intuitive statement, how action and perception are conceptualized have deep
implications for how we understand adaptive behavior.

2.1 Indirect Perception
Adaptive behavior in the motor control literature has largely been explained
through the theoretical lens of indirect perception. A theory of perception is considered
indirect if it assumes sensory stimulation lacks sufficient richness for perception (i.e., it is
impoverished), thereby requiring embellishment by the brain before a percept can be
achieved (Turvey, 1979; Michaels & Carello, 1981). The impoverished view of sensory
stimulation is a byproduct of how sensory receptors were, and in large part are still, are
conceptualized. Historically receptors have been classified based on the physical property
they detect (e.g. light, sound, mechanical, etc.). The doctrine of specific nerve energies
proposed that each receptor has a specific nerve fiber that runs to the brain where meaning
is given to the electrical activity (e.g. hot, cold, pain). For every sensation there is a
corresponding anatomical structure. The environment in turn forms the stimuli that
activates receptors (Boring, 1950; Reed, 1982; Shaw, 1982).
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The difficulty of categorizing receptors by the physical variable that activates them
is that further theory is needed to explain how the nervous system turns physical energy
into meaningful information. Indirect theories of perception believe that the physical
energy that activate receptors do not carry specific information or bear resemblance to the
source that generated it (Boring, 1950; Reed, 1982; Shaw, 1982). Because receptors are
passive, a pattern of activation can be achieved by a number of sources. Therefore,
sensations are viewed as ambiguous. To make sense of the world and the activity being
performed, the agent must have prior knowledge (Fajen, Riley et al., 2009).
For indirect theories, perception occurs in the mind. It is something that is created
by logical reasoning. The need for mental inference is a byproduct of keeping the animal
and environment logically separate. It allowed for theories of how the physical world, or
environment, to be developed independent of how animals come to know the world; this is
also known as the organism-environment dualism (Shaw et al., 1995). Because perception
was viewed as ambiguous, Hermann von Helmholtz’s proposed the theory of unconscious
inference. It suggested that prior experiences allowed the mind to embellish and fill in the
information not detailed in the sensory information. The theory of unconscious inference
gave rise to modern day theories of representations (Boring, 1950).
Representations are abstract or physical structures that carry the features of the
world, the task, and the individual in which the representation sits (Shaw et al., 1982). The
representation is meant to provide structure and specificity to impoverished sensory
information allowing the individual to experience the world or perceive it; rendering
perception as a mental act rather than something the agent is physically engaged in.
Because the representation carries the features of the world, the task, and the environment,
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it is the link between the mental act of perception and the physical act of movement; it
connects the mind and body (mind-body dualism). The separation between mind and body
is the result of the organism-environment dualism. Once perception is constructed mentally
the body can use the representation to create a motor plan or program. The motor program
is prescriptive in that it generates the sequencing of the body’s segments for a required
action. When considering transporting a glass of water across a room, the use of
representations as a means of explaining adaptive behavior becomes a difficult theoretical
stance to take.
The objective of carrying a full glass of water across some distance is to avoid
spilling the contents. An object that has contents that is free to move, or has internal degrees
of freedom, is referred to as complex or underactuated. From a motor control perspective,
this is a challenging problem because the fluid is not directly controlled by the individual,
only the cup is. Furthermore, fluid motion is non-linear, and an input to the system (e.g., a
force applied to the cup) does not necessarily have a proportional effect, making it difficult
to predict what may occur in the future (Sternad and Hasson, 2016). The unpredictable
nature of the fluid presents challenges for feedback and feedforward models of control.
The term feedback is commonly used in everyday langue. Error based control
models use feedback as a means of comparing the current state of the system to an idealized
version of the task (Warren, 2006). The idealized version of the task is stored in the agent’s
representation or mental model of the task. If fluid motion is unpredictable by the time the
individual registers an impending spill, it may be too late for an appropriate motor response
to be triggered. Feedforward models try and overcome sensory delays by using the current
state to generate a motor command that will produce the desired movement based on the
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internal representation of the task (Warren, 2006). When controlling a cup of water,
producing a movement without considering the state of the fluid can lead to a spill. Both
feedback and feedforward control provide conceptually clean ways of explaining adaptive
behavior because there is a clear link between cause and effect.
Indirect theories of control rely on linear causation, or cause and effect. From this
perspective, from the moment a receptor (s) is stimulated, there are processes that must
occur in successive order to produce a response or action. The pitfall of an indirect
approach is that it leads to an infinite regress because nothing can be defined without the
definition of a prior state. For biological systems, in our case humans, linear causation is
an unreasonable approach for the understanding of perception-action because the body is
composed of many parts that are interconnected. How the parts interact is largely
dependent on the interaction between the task being performed, the environment in which
the task is performed in, and the individual (Rosen, 2000). The definition of task,
environment, and individual as a single unit of analysis forms a closed loop of entailment
or an impredicativity. Impredicative systems are circular because the thing we wish to
understand (the individual) is a part of its own definition (task-environment-individual
system) (Rosen, 2000; Turvey, 2004). Because there is a continuous interaction between
the components it is impossible to derive a singular algorithmic description of the system’s
behavior. Here it is not possible to reduce perception and action to a single cause and effect.
From a theoretical perspective, accepting the circular nature of the task-environmentindividual system means that perception is not something that can be generated by logical
processes, rather there is already information present in the world that guides movement
via the interactions (Rosen, 1988; Turvey, 2004).

33

2.2 Affordance Based Control
For ecological psychologists, information about the world comes in the form of
structured energy fields that are specific to the source (Fajen et al., 2009). For example,
natural light is emitted from the sun and is reflected (or absorbed) by different surfaces in
the environment, creating a distribution of energy. As the animal moves through the
environment the energy distribution is altered, creating an energy flux that reveals invariant
features of the object or environment (i.e., structural invariance). Energy flux allows the
individual to identify the transformational invariants or lawful changes in the energy field
that specify a stable relationship between the individual and environment or object. The
stable relationship is the basis for the identification of opportunities for action, or
affordances (Turvey & Shaw, 1995; Fajen, 2005).

Figure 2.1 Optical Flow. Optical flow is an example of how invariant features in the
energy field can guide motion. The directionality of the red vectors in the top row
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provide information about the direction of travel. The image in the top left corner
suggests that the train is moving away from the horizon line, while the top right image
is indicating impending contact. This can be more clearly seen by the contraction
(right) and the expansion (left) of the center of the vector flow fields in the bottom row.
(Gibson, 1979)

Affordances are central to the ecological approach to the study of perception-action.
Born from the task-environment-individual interaction they are individual specific,
ontologically real entities, that require no mental processes to perceive them (Turvey, 1992;
Fajen, Riley et al., 2009). Because affordances are goal oriented, invariant transformations
of the energy field helps guide action prospectively. Like feedforward control,
prospectivity deals with impending events (Stepp & Turvey, 2015). Where they differ
drastically is that prospective control is not derived from a model, but one based in
perceptual information. Prospective control guides movement by allowing individuals to
adapt their behavior in advance to changing constraints (Fajen, Riley et al., 2009; Stepp &
Turvey, 2015). The area where affordances have been heavily studied is in vision.
In the visually guided control of action, a variable that has received a great deal of
attention is the time-to-contact, or tau variable (Lee, 1976). Tau specifies the amount of
time remaining before contacted is made with an object or surface. Its first derivative,𝜏𝜏̇ ,
has been used to explain the lawful transformation of the visual flow field for activities
such as breaking, steering, and interception. When breaking, by keeping 𝜏𝜏̇ equal to - 0.5

the individual can maintain a rate of deceleration that will allow stopping without extra
adjustments (Lee, 1976; Fajen, 2007). As Fajen (2007) points out, the issue with the
original tau model is that it does not account for the individual’s force producing
capabilities. For example, Figure 2.2 compares the deceleration (top panel) and 𝜏𝜏̇ (bottom
panel) patterns predicted by the tau model (dotted line) to an individual’s actual data (Fajen,
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2007). The bottom panel shows the individual’s 𝜏𝜏̇ value moved toward the ideal value of -

0.5 (Figure 2.2; top panel) but they were unable to avoid collision. This occurred because
the individual decelerated too gradually. The red arrow in Figure 2.2 (top panel) indicates
the point when ideal breaking rate surpassed the individual’s maximum breaking capacity
(Dmax), showing that could not physically produce enough force to avoid collision (Fajen,
2007). The significance of this example is that shows the importance of taking an
individual’s action boundaries into considered when studying adaptive behavior (Fajen,
2007). Breaking is a salient example of the need to consider an individual’s action
boundaries because failure to produce adequate levels of force have clear implications for
someone’s safety. A potentially less obvious example of where action boundaries play an
important role is in the transporting a cup of water while walking.
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Figure 2.2 𝝉𝝉̇ As A Predictor of Deceleration. Comparison of ideal deceleration (top
panel) and tau dot (bottom panel) to the actual performance of the individual in a
breaking task.

When transporting a full cup of liquid there is a minimum amount of force that
needs to be applied to the container to prevent it from slipping. Likewise, there is a maximal
amount of force an individual can apply before the coupling between the hand and the
container becomes too rigid, resulting in even a slight disturbance to the arm to potentially
lead to a spill. In walking with a complex object, especially for blind people, vision is not
the only perceptual system that is guiding action. The hand(s) carrying the object will be
the end-effector and a point for gathering perceptual information. Based on the work done
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in the dynamic touch literature, there is reason to believe haptic perception can provide
perceptual information to support manual task performance when vision is not available.
2.3 Dynamic Touch
In activities of daily living a large amount of information about the world is gained
from the sense of touch or haptic perception. The haptic perceptual system provides
information about the position of the limbs in space (proprioception). It is also responsible
for relating the limbs to the environment in which the individual is operating in, along with
any objects they are wielding (exproprioception) (Carello & Turvey, 2017). Gibson (1966)
remarked:
“The haptic system, unlike the other perceptual systems, includes the whole body,
most of its parts, and all of its surface. The extremities are exploratory sense organs, but
they are also performatory motor organs; that is to say, equipment for feeling is
anatomically the same as the equipment or doing” (Gibson, 1966, p 99)
For Gibson, haptic perception is an active process. The hands are as much of an
exploratory organ of perception as they are an organ for performance. For example, a blind
person can move about the world with a cane. By tapping a cane around they perceive
information about the end of the stick. The stimulation of the skin, joints, and muscular
exertion constitutes what Gibson called the dynamic touch perceptual subsystem. Much
like the invariant features found to be important for the visual guidance of gait, research
into the area of manual wielding has yielded perceptual variables that may underlie the
guidance of object transport. Invariant to an object are its moments of mass distribution.
The 0th moment represents the mass of the object, while the 1st (static moment) and 2nd
(moment of inertia) represent the object’s resistance to gravity and its rotational
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acceleration about an axis, respectively (Carello, 2017). The bulk of the work done in the
dynamic touch literature has focused exclusively on the moment of inertia.
The inertia tensor is as a 3 x 3 square matrix, where its diagonal components
represent the object’s principal moments, or eigenvalues (Figure 2.3, right panel (Ik). The
principal moments are defined relative to the three principal axes or eigenvectors (Figure
2.3, e1-3) (Turvey, 1996; Turvey & Carello, 2011; Carello & Turvey, 2017). Eigenvectors
represent the symmetry axes of the object’s mass distribution. When an object is rotated in
space, the principal axes are invariant, serving as an intrinsic reference frame. The offdiagonal values in the inertia tensor are known as products of inertia. As an object is
wielded in space these values change (Turvey et al., 1996). From a theoretical perspective
the inertia tensor provides a means of quantifying non-visual perceptual information.
Wielding the object creates flux in the haptic medium allowing the individual to identify
the object’s invariant features or possibilities for action.

Figure 2.3 Dynamic Touch and The Inertia Tensor. When wielding an object, it’s
moment of inertia or the second mass moment can be defined about the wrist, because
a coordinate system can be defined internal to the object being wielded. The length of
the eigenvectors (eigenvalues) allows for the identification of the object’s invariant
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features, such as its size, shape, and orientation, depicted by the inertia ellipsoid (right)
(Carello & Turvey, 2004)

To understand an object’s affordance requires knowledge of its physical attributes
(width, mass, length, etc.). Solomon and Turvey (1988) demonstrated that the diagonalized
inertia tensor is directly linked to the perception of an object’s length. The authors had
participants wield rods of different lengths and masses absent of visual information. In the
first series of experiments they demonstrated that there was an almost linear fit between
perceived length and actual length of the rod. When rods of the same length were weighted
differently, the perceived length was dependent on the system’s moment of inertia. The
inertia tensor has also been shown to aid in the detection of surface shapes (Solomon &
Turvey, 1988). Burton and colleagues (1990) had subjects wield objects of differing sizes
and shapes. They demonstrated that people can distinguish broadly between the different
inertial characteristics of the object (e.g., shape and size) but are not able to specifically
name the number of edges and faces. That is, people can detect the invariant inertial
features of the object through wielding, but other perceptual information or exploratory
behavior is needed to obtain the specific characteristics (e.g., vertices, faces) (Burton,
Turvey et al., 1990).
Exploratory behaviors are key to identifying specific properties of an object. Where
performatory movements are often associated with a task and are relatively structured
movements, exploratory movements are not. Often considered noise, exploratory behaviors
have stochastic features and can display varying degrees of structure depending on the
intent to perceive a specific characteristic of the object being wielded (Riley, Wagman et
al., 2002). For example, Riley and colleagues (2002) showed that exploratory behavior was
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more deterministic and complex when participants were specifically asked to perceive the
object’s length compared to unconstrained wielding. They went on to show exploratory
behavior differed when individuals were asked to perceive the partial length of an object
and grip location. These results are important for object transport because they demonstrate
the role of selective attention in becoming attuned to relevant perceptual properties of the
object.
A majority of the studies on dynamic touch have focused their attention on the third
eigenvector (e3) (Figure 2.3), because it is the intrinsic axis that experiences the least
amount of resistance to rotation due to its alignment with the segment’s long axis (Kingma,
van de Langenberg et al., 2004). To displace e3 off its original axis, studies have added
mass to the limb. A byproduct of this manipulation is that the limb’s center of mass is also
affected, but the interpretation of what perceptual variable underlies identifying the limb
in space has been strictly related to the inertial properties. Van de Langenberg and
colleagues (2007) have demonstrated that the shift in the limb’s center of mass has
implications for the perception of its orientation in space. The authors individually
controlled the orientation of the forearm’s center of mass and e3 by having participants
hold weighted bars. When asking participants to match the position of their forearms in the
sagittal plane, they showed that the matching bias was smallest in the condition in which
e3 alone was rotated. When the center of mass alone was rotated, the matching bias was
significantly larger compared to the control condition (i.e. unweighted). Interestingly the
matching bias was further increased when the I3 and the center of mass were rotated
together (Figure 2.4). Similar results have been shown in the horizontal plane (van de
Langenberg, Kingma et al., 2007; van de Langenberg, Kingma et al., 2008). For the control
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of limb orientation in space and object transport these results are important for several
reasons.

Figure 2.4 Segmental Center of Mass and E3 As the Root of Dynamic Touch. The
four boxes on the left-hand side of the figure show the experimental conditions used by
Van de Langenberg and colleagues (2007). The criticism brought on the original rod
wielding studies was that when mass was added to the rod it shifted the perceived
direction of the e3 eigenvector, as well the center of mass (CM). By carefully
controlling for the direction of the CM and e3, they were able to test whether people
were more sensitive to the shifts in the CM or e3. Participants were asked to match the
tip of the black rod to its mirror image 15cm away. Large errors represent a greater
sensitivity to the shift in the variable of interest away from the segment’s midline. The
results (right column) show that the shift in e3 alone is not enough to induce a change
in perceived limb orientation. It is only when it is combined with a shift in CM when
the largest perceived errors occur. These data suggest that the haptic perceptual system
may be sensitive to perceptual invariants other than the inertia tensor

First, control of an object’s orientation and limb orientation are using the same
perceptual variables, suggesting that there is an extension of the perceptual space to
incorporate the object being wielded into the system (i.e., the object becomes an extension
of the arm) (Turvey, 1996). Secondly the implication for the sensitivity to the center of
mass of the limb and its covariation with e3 may suggest that the body can attune to
different aspects of the limb’s mass moment distribution depending on the context. Van de
Langenberg and colleagues (2007) suggested that the salience of the selected moment may
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be due to speed of movement. In low speed scenarios the center of mass may be more
salient than perceiving the eigenvector.
All the work covered to this point has reflected the manipulation of rigid body
objects. Although rigid bodies comprise many of the objects we carry, they do not
encompass them all. When carrying a glass filled with liquid, the hand is in contact with
the cup, but the intention of the task is to not spill the fluid. Now orientation of the object
becomes orienting about something. That is moving the cup such that the fluid doesn’t
spill. This is the notion of nested affordances. In object transport this represents the goal of
the behavior. Depending on the context in which the behavior is being performed, the
adaptations that can be made to avoid spilling are subject to change (Wagman, Caputo et
al., 2016).

2.4 Complex Object Manipulation
Carrying a cup filled with fluid represents a slightly different set of constraints
compared to everything that has been covered thus far. The cup is a rigid object, but upon
filling it, internal degrees of freedoms are added and must be accounted for in the control
process. Fluid motion is complex and non-linear. Its sloshing motion generates forces that
feedback on the hand. Much like changes in the structure of light act to identify invariant
features in space, reactive forces also serve as perceptual information to inform the
individual about the object’s current state. Because of fluid properties, there is no one-toone relationship between the force imparted on the fluid, via the hand-cup interaction, and
the motion of the liquid. Recent work on the interaction with complex objects has shown
the body may have strategies for dealing with such objects.
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Sternad and colleagues (2016) have suggested that the body tries to impart
regularity on the fluid while selecting a control strategy that is robust to changing
constraints and perturbations (Sternad et al., 2016). Evidence for these claims have come
from a virtual model of a cup of coffee (Figure 2.5). The coffee is modeled as a ball in a
semi-circle (representation of the cup). The cup is moved when the user applies force to a
manipulandum (limited to a single plane of motion). Because the individual is not moving
the ball directly, but indirectly through the cup, this represents an underactuated system
(Hasson et al., 2012).

Figure 2.5 Theoretical Model of a Complex Object. The bowl and ball combination
are an abstraction of a fluid filled glass. The abstract model allows for similarity in task
features, while introducing a degree of novelty, and allowing for control of specific
features (Sternad & Hasson, 2016).

The non-linear nature of fluid suggests that any slight change in the state of the
system can potentially send it into chaos (Williams, 1997). While carrying a fluid of water
this means increased likelihood of the water spilling, depending on fluid level.
Nasseroleslami and colleagues (2014) showed that people avoid spilling by imparting
regularity on the fluid. Using the virtual coffee cup model, the authors had participants
learn how to oscillate the cup between two targets paced by a metronome at 1 Hz. As
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individuals improved their movement patterns became more regular, as indicated by
increased mutual information between force applied to the cup and ball phase angle (Figure
2.6). Depending on the context, imposing too much regularity on the system can make it
susceptible to being disrupted by perturbations. For this reason, the individual must select
a strategy that is structured but still robust enough to adapt to changes in context
(Nasseroleslami et al., 2014).

Figure 2.6 Mutual Information and The Transport of a Complex Object.
Nasseroleslami and colleagues (2014) reported that as participants improved in task
performance, they began to impose more regularity on the system. This can be seen in
the shift of the red dots from darker purple (lower mutual information) to light regions
(larger mutual information values). The dark red dots represent early in practice and the
light red dots represent performance after the training was completed. (Nasseroleslami
et al., 2014)
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Robust control of a complex object has been conceptualized using the notion of an
energy margin. The energy margin is defined as the difference between the current state of
the system to the energy threshold which leads to task failure (Sternad & Hasson 2016).
Like the time-to-contact variable used by Lee (1976), the energy margin uses the
instantaneous conditions of the system to predict its future state with respect to a relevant
boundary (Hasson et al. 2012). Mapping the instantaneous angular position and velocity of
the ball and cup acceleration, a 3D manifold (energy margin) is created. So long as the
trajectory of the system stays within the defined energy margin then no fluid will be spilled
(Figure 2.7). The further you are from the boundary the more robust you are. Hasson and
colleagues (2012) demonstrated that time constraints significantly impact the system’s
robustness. The authors had participants learn to move the virtual cup of coffee so that it
intersected a falling white block on the screen. One group performed this task under
minimal time constraints, and the other was told to perform the task as quickly as possible.
The authors found that the minimal time constraints group learned to maintain a large
distance from the boundary compared to the time constrained group. As a result, the time
constrained group crossed the energy margin boundary 10 times more than the minimal
constraints group. From a task performance perspective, having a larger boundary affords
more opportunity for an increase fluid-cup motion before the fluid spills (Hasson et al,
2012).
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Figure 2.7 Energy Margin and The Transport
of a Complex Object. The energy margin is
defined by the blue mesh manifold inside of the
3D space defined by the cup’s acceleration and the
ball’s angular position and velocity. (Sternad &
Hasson, 2016)

The authors did not address their findings in the context of the affordance based
control framework, but the virtual coffee cup example can be explained nicely from this
perspective. The energy margin is akin to the action boundary used in the breaking example
described above (Fajen, 2007). The missing component is an explicit measurement of the
minimum and maximum boundaries. That said, one can speculate that if an individual stays
within the energy margin, the force being applied to the system is within their action
boundaries. It is important to note that the experiments described in this section have been
visually based tasks. If the role of haptic perception in complex action performance is to
be understood, then visual information will need to be altered. Another important
consideration for the advancement of our understanding of complex object manipulation is
moving beyond the use of the of manipulandum based tasks. The reason for this is largely
due to their biomechanically constraining nature.
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2.5 Self-Organization as The Basis for Action
A non-representational theory of perception requires a complimentary theory for
the control of action; Dynamic Systems Theory (DST) is just that. Like the ecological
approach to perception, DST does not take loans on intelligence (an endowment of the
central controller or executive with knowledge that allows it to perform rational processes)
(Richardson, Shockley et al., 2009). Rather than using the concept of motor programs, or
an abstract set of commands prescribing how limbs should move, DST focuses on selforganization (Davids, Button et al., 2008). A system that is self-organizing has no central
controller. The generation of stable behavior depends on the flow of energy through the
system. This leads the system to be driven away from equilibrium, thereby giving rise to
new patterns (Kugler & Turvey, 1988). The patterns that emerge are heavily dependent on
the constraints placed on the system and the nature of components that are interacting
(Kelso, 1995). In movement science the concept of self-organization originates from
Nicolai Bernstein’s physiology of activity. The physiology of activity did not view the
control of movement as a series of linked reflexes. Largely because when reflexes are the
unit of action the individual is always waiting for an external stimulus to trigger them;
suggesting the animal is a passive receiver to changes in the environment to maintain
equilibrium (Reed, 1982). Bernstein believed humans and animals are in a constant state
of dis-equilibrium with the environment. To achieve stability the individual must always
move and explore the environment while still working toward their behavioral goals (an
idea consonant with Gibson’s view of perception) (Reed, 1982).
For Bernstein the control of movement was based on evolutionary principles and
the division of responsibility to different levels of the central nervous system. His four-tier
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hierarchy was developed in accordance with the evolution of the cortex. Each level’s
responsibility was based on its evolutionary age and the kinds of activities it was
responsible for (Bernstein, 1996). Level A, the older most primitive level, was responsible
for maintaining the body’s posture and tone. The level of action (Level C) is the lead level
and is responsible for goal setting and providing the constraints for which the rest of the
body’s degrees of freedom should operate within. The level of space (D) is responsible for
movements related to transferring the body’s mass (e.g. walking and aiming) (Newell,
Latash et al., 1996). As suggested by its name, one of its primary responsibilities is to
provide perception of where the body is in space. One of the most important levels of
Bernstein’s functional organization movement is the level of synergies (Level B). It is
responsible for organizing the body’s limbs into functional groupings and is the focus of
the following section.

2.5.1 Muscle Synergies Units of Action
To understand how the body adapts to support object transport we must first commit
to the theoretical stance that the interaction between the individual, task, and environment
is a closed loop of entailment. Therefore, control of movement is not centralized in the
individual (as in theories of indirect perception), but it is distributed among the three
components. A form of control known as coalitional or heterarchical (Turvey, 1978) In
hierarchical systems the central controller is ultimately responsible for modulating the
system’s states. Bernstein recognized that this form of control is difficult to implement due
to the variability inherent in the system (Turvey, Fitch et al., 1982). For example, the
functional role of a muscle is not fixed, but it is dependent on the movement being
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performed and what plane it is acting in. As the muscle moves, the innervation state of the
muscle also changes. In large muscles like the quadriceps, there are thousands of individual
fibers. Controlling the innervational state of each fiber is impossible for a central controller.
To this end, central pattern generators, cells in the spinal cord that have been shown to be
involved in the cyclic activation of the lower limbs, have been proposed as cellular
mechanism for the control. Although central pattern generators simplify the control
process, the activation of muscles are posture dependent and not by simply activating a
group of cells (Turvey, 1978; Turvey, Fitch et al., 1982). For movement to be controlled
in a top down fashion (i.e., algorithmically) requires a great deal of detailed perceptual
information to specify how the limbs should move. That is, the complexity of the world
would need to be mapped on to the complexity of the human body; thereby increasing the
degrees of freedom problem, not decreasing. Bernstein proposed the notion of muscle
synergies as a solution to the degrees of freedom problem.
Muscle synergies are softly organized, task specific, groupings of muscles (Latash,
1996). Controlling muscle groups rather than individual muscles represents a reduction in
the degrees of freedom. For object transport in a seated posture, Ma and Feldman (1995)
showed there are two distinct synergy groups, one controlling the trunk and one for the arm
(Ma & Feldman, 1995). When transporting an object during gait, arm stabilization is
distributed across the entire system (Marteniuk, Ivens et al., 2000). The problem for motor
control theorists has been establishing a means of quantifying and qualitatively describing
how muscle synergies emerge and transition from one patterned state to another without
invoking a central controller. For movement scientists that ascribe to the Dynamic Systems
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Theory of action, movement can be controlled without a central controller if you treat the
body as a self-organizing system that operates far from thermodynamic equilibrium.
Self-organization is the spontaneous generation of patterns, or the relationship
between things, absent of a central controller (Kelso, 1995). All living organisms are
thermodynamic systems open to energy exchange with the environment (heat, light, sound,
etc.). Without the exchange of energy (i.e., food), life cannot be maintained, and this is the
essence of a non-equilibrium (Kelso, 1995). Humans are complex beings with millions of
cells, organs, and subsystems (e.g., respiratory, cardiovascular, etc.) that function on their
own time scales, but manage to remain coordinated with each other. From the synergetics
theory of non-equilibrium thermodynamic systems, coordination is achieved through the
slaving principle (Haken, 1983; Haken, Kelso et al., 1985). The slaving principle states that
the relationship between components of the system can be described by the order
parameter. The order parameter is a variable that captures the coherent behavior of the
system and how it evolves over time. The order parameter is an important feature for
advancing a heterarchical form of control because it abides by principles of circularity and
requires no specific instructions for switching between behavioral modes. The order
parameter is circularly causal because it emerges as a result of the cooperative interaction
amongst the system’s components at all levels. In turn, the order parameter acts to constrain
the system as it guides behavior. When energy injected into the system is not dissipated,
the interactions amongst the components begin to become unstable and the resulting
instabilities ultimately lead to pattern change. A mark of a system about to undergo change,
or a phase transition, is increased fluctuations in the order parameter. Increased
fluctuations, or variability, are thought to be suggestive of a search for a new stable
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configuration. The system is lead through new patterns by modifying the control parameter.
The control parameter does not provide specific instructions, it can be considered the
energy source that guides the system through change (e.g., gait speed, manual task
difficulty, visual task difficulty, etc.).

2.5.2 Organizational Principles of The Level of Synergies
When performing a complex task, the body must be flexible and adaptable. This
requires it be able to transition between patterns, or stable modes of coordination. From the
DST approach, stable patterns are known as attractors. Attractors are region(s) defined by
a single point or a set of points, in a system’s state space (defined by its position and
velocity) (Williams, 1997). From a theoretical perspective, attractors are useful tools for
describing movement patterns because the resultant behavior of a complex system can be
captured and described through geometrical forms that have known dimensions. If the level
of synergies abides by principles of non-equilibrium thermodynamics, attractors provide a
solution to the degrees of freedom problem. The kind of attractor a system settles on is a
result of non-linear interaction among its components (Kelso, 1995). When an attractor
becomes unstable, it will undergo a phase transition via a bifurcation, or qualitative change
in the geometry of the attractor (Kelso, 1995; Williams, 1997; Warren, 2006). Instabilities
may arise from environmental factors or internal competition among the interacting
components (Kelso, 1995). Theoretically bifurcations and instabilities are important for the
level of synergies because they provide mechanisms for transitioning between patterns
without a central controller. Support for self-organization as the mechanism that guides the
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formation and transition of muscle synergies come from the study of bi-manual rhythmic
movements (Kugler & Turvey, 1987; Turvey, 1990).
Kelso (1984) had participants rhythmically cycle their index fingers anti-phase (Φ
= 180O). As movement speed increased, anti-phase coordination became unstable and
people transitioned to in-phase coordination, emerging as the most stable solution (Φ = 0O).
The results of this classic experiment established that human coordination is multi-stable
(multiple patterns can exist for the same parameter value) and when patterns become
unstable, they undergo bifurcations. Figure 2.8a displays the results of the modeling efforts
by Haken Kelso and Bunz (1985) plotted as a vector field. The relative phase between the
fingers (Φ) is plotted against the derivative of phi (dΦ/dt), and the ratio of the control
parameters (b/a). The thick black lines represent the class of attractors known as fixed
points, while the dotted lines represent unstable relationships. Fixed points have a
dimension of 0 and are meant to describe the dynamics of the interaction between the two
fingers. Figure 2.8A shows stable states at Φ = 0O and Φ = 180O for the same parameter
values. As movement speed increases (moving along the b/a axis toward zero) a critical
point is reached, and the system bifurcates at Φ = 180O, leaving a single stable state Φ =
0O. The bifurcation that occurred in Figure 2.8A is known as a pitchfork. The caveat of the
behavior described by this model is that it was based on the oscillatory behavior of
segments that are symmetrical. In the production of whole-body actions, segments are of
different masses and lengths, thereby breaking symmetry. Symmetry breaking causes shifts
away from the canonical values, Φ = 0O and Φ = 180O, to new stable behavioral states
(Figure 2.8B) (Schmidt, Beek et al., 1991; Kelso & Jeka, 1992). In Figure 2.8B the black
lines represent stable fixed points and the dotted lines are the unstable fixed points. By
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introducing asymmetries, a new type of bifurcation is introduced, known as the saddle
node. The unstable fixed points in Figures 2.8A and B represent system dynamics that are
neither phase or frequency locked, and this is known as a loss of entrainment. When the
system enters these regions, its behavior tends to stay near the stable attractor, and can
display temporary stable behavior before drifting off the attractor again, a phenomenon
known as phase wandering (Kelso, 1995). An advantage of being able to enter and leave a
stable region is that it affords the system the ability to be flexible. The significance of the
empirical and modelling work done on bi-manual coordination based on principles of selforganization is that it has provided a language for describing and quantifying complex
motion. It demonstrates that for a given state of a system multiple forms of behavior are
available. Grounding a theory of action in self-organizing principles also provides a
platform for describing how the body can control behavior outside of a 1:1 mode locking.

Figure 2.8 Symmetry Breaking in The Elementary Law of Coordination. Vector
fields generated by the modeling work of Haken, Kelso, and Bunz (1985) on finger
oscillations. When oscillating symmetrical limbs (A) anti-phase and the frequency of
oscillation increases (represented by a decrease in the b/a value) a pitchfork bifurcation
occurs, and the only stable state is at Φ = 0 past the critical point (or point in which
system behavior changes). When symmetry is broken (B), new stable stated are created
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and a saddle node bifurcation replaces the pitchfork. The introduction of the saddle
node allows the system to exhibit relative coordination and is able to go back and forth
between stable periodic behavior and phase wandering (Park & Turvey, 2008)

Humans can move their limbs in variety of patterns outside of 1:1 frequency
locking, that is multi-frequency coordination. The principle underlying coherent multifrequency movements is resonance, or the preferred frequency of oscillation based on an
oscillator’s physical characteristics. When two segments of differing, natural frequencies
are in coordination, they are said to be in resonance if the ratio of their movement
frequencies (Ω) is a rational number. The Arnold tongues (Figure 2.9) are a representation
of stable multi-frequency couplings from oscillator theory, known as resonance regions or
attractors (Peper, Beek et al., 1995). The frequency ratios with the widest regions are the
most stable because the coordination between the segments are afforded more room to vary
before escaping the basin of attraction. Where the individual is in the attractor region is
dependent on the strength of the coupling (k). Empirical data collected on humans using
these Arnold Tongues have provided novel insights into stability features of multifrequency movements.
Treffner and Turvey (1993) asked participants to swing a pendulum at its natural
frequency in the right hand and track a metronome with their left hand. Unbeknownst to
the participant the metronome was prepared such that it oscillated in a variety of multifrequency rhythms. The results showed that participants had an attraction to the stability
regions identified by the Arnold Tongues. Generally, the larger the ratio between
oscillators, the more unstable the pattern is. For example, in Figure 2.9 (top panel) the 3:4
resonance region is more narrow compared to 1:2 coupling and shorter in height. The
narrow width of the 3:4 resonance region, compared to the 1:2 coupling, suggests the
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system is more susceptible to being knocked out of coordination when perturbed because
there is less room in the attractor to recover (Treffner & Turvey, 1993; Turvey & Carello,
1996; Turvey, 2007). When multi-frequency rhythms become unstable, they undergo
bifurcations. Their transition route can be explained by the Farey tree (Figure 2.9). For
example, when a 2:3 pattern becomes unstable it transitions to a 2:1, while a 2:1 would
transition to 1:1. These results highlight that resonance acts as a constraint on the system.
In developing a theory for how complex tasks are performed, resonance as a constraint is
important because it is an organizational property that does not rely on a central controller
and is based on the physics of the system. Although research on interlimb multi-frequency
behavior has largely been conducted from a seated position and has focused primarily on
oscillation of the hands (or some variant of this), the principles develop are applicable to
larger scale movements (Treffner & Turvey, 1993; Peper, Beek et al., 1995; Sternad,
Turvey et al., 1999; Sternad, Turvey et al., 1999). As will be seen in the following section
the relationship between the arms and legs is multi-stable. The mode locking behavior they
display is largely speed dependent.
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Figure 2.9 Arnold Tongues and Farey Tree Representation of Stable Resonance
regions. The Arnold tongues (top panel) represents all stable resonance or attractor
regions. The Farey tree (bottom) captures much of the same information. The Farey
tree, unlike the Arnold tongues, provides the bifurcation or transition route to the lower
order, more stable frequency coupling.
2.6 Intrinsic Gait Dynamics
2.6.1 Arm-Leg Coordination
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During gait the arms play a critical role in balancing the angular momentum
generated by the lower limbs in the transverse plane and reduce metabolic cost (Bruijn,
Meijer et al., 2008; Umberger, 2008). The musculature around the shoulders are active, but
it is unclear whether they are contributing to driving the arm during swing or simply
stabilizing the shoulder (Meyns, Bruijn et al., 2013). Regardless of the degree to which the
muscles are involved in the gait cycle, active (muscular contraction) and passive (elastic
and frictional) forces help keep the arms and legs in coordination (Kubo, Wagenaar et al.,
2004). Healthy gait is characterized by in-phase coordination between the contralateral
arms and legs (referred to below as the diagonal limb coupling) and anti-phase coordination
between homologous limb pairs (Craik, Herman et al., 1976; Webb, Tuttle et al., 1994;
Wagenaar & Van Emmerik, 2000). For a thorough understanding of how inter-limb
coordination between the upper and lower body are affected by object transport, it is
important to be familiar with typical arm-leg coordination when the arms are
unconstrained.
As with the study of bi-manual rhythmic movements, intrinsic arm-leg coordination
dynamics have been established using movement speed as the control parameter. In
walking, changes in gait speed results in distinctly different coordination patterns between
the arms and legs. Of interest has been the observation that the arm-leg coupling displays
multi-frequency behavior when gait speed slows down (Wagenaar & van Emmerik, 1994;
Wagenaar & Van Emmerik, 2000; Donker, Mulder et al., 2002).
When gait speed slows down, typically below 0.75 m/s, there is a transition from a
1:1 to a 2:1 frequency mode locking between the arms and the legs (Figure 2.10). As a
result, there is a loss of in-phase coordination between the diagonal limb couplings
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(Wagenaar & Van Emmerik, 1994; Wagenaar & Van Emmerik, 2000; Donker et al., 2002).
When gait speed increases typical gait patterns return, and the phasing between the limbs
remains relatively constant (Van Emmerik et al., 1998). There is reason to believe that
carrying an object while walking will affect the naturally occurring patterns between the
arms and the legs.

Figure 2.10 2:1 Arm-Leg Coordination. A visual representation of a 2:1 frequency
coupling between an arm and a leg in the sagittal plane (Donker et al., 2001)

Ford and colleagues (2007) had participants walk at different speeds under
asymmetrical arm constraints (one arm was bound by a sling while the other arm was free
to swing). The left panel in figure 2.11 shows the results for the arm-leg coordination in
the frequency domain. In the frequency domain, each leg displays two dominant peaks;
one at the stride frequency (slower in frequency and larger in amplitude) and one at the
step frequency. Ford and colleagues (2007) assessed arm-leg coordination using the
relative power index, which is a ratio of the arm’s powers at the stride frequency and step
frequency. As gait speed increased, the free arm (green line) transitioned from a 2:1 to a
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1:1, while the constrained (red) arm remained in a primarily 2:1 coordination. In the spatiotemporal domain, the relative phase analysis showed the constrained arm stayed more out
of phase with the contralateral limb and more in-phase with the ipsilateral limb. The
asymmetrical behavior between the arms is of significance for object transport because it
shows that the body is able to modify the coupling between the arms and the legs as a
function of a mechanical constraint. One interpretation of these results, in line with the bimanual control literature, is that individual’s intentions can stabilize intrinsically unstable
patterns to satisfy task constraints. An alternative interpretation of the asymmetric behavior
seen in the arms is that it the mechanical constraint simply amplified a feature of the system
that already exists.

Figure 2.11 Arm-Leg Coordination When A Single Arm Is Constrained. Arm-Leg
coordination in the frequency (left) and spatio-temporal (right) domains as a function
of gait speed (Ford et al., 2007). As gait speed increases, the unconstrained arm (green
line) transitions from a 2:1 to a 1:1 coordination. While the constrained arm (red line)
maintains primarily a 2:1 coordination. This results in the constrained arm being
mostly anti-phase with the contralateral leg as gait speed increases.

Studies have reported that the transition from a 2:1 to 1:1 can sometimes occur at
different speeds on the right side compared to the left side (Wagenaar & Van Emmerik,
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2000; Donker, Mulder et al., 2002). Kubo and colleagues (2004) suggested that the
asymmetrical transition between the arms is due to a multi-frequency forcing that arises
from the interaction between the stride and step frequency. When looking at the frequency
ratio of shoulder accelerations at step and stride frequency (Astep/ Astride) over a range of
walking speeds, the authors reported that asymmetrical transitions were a function of
significantly different frequency ratios between the shoulders. These findings suggest that
the motion of the arms was differentially affected by the two frequency components of the
gait cycle (Kubo et al., 2008).
From a theoretical perspective the findings on arm-leg coordination discussed in
this section are significant because they support the notion that resonance acts as a
constraint on action. The research on arm-leg coordination, therefore, extends concept and
findings from bi-manual tasks paradigms to more complex whole-body movements.
Functionally the work discussed here establishes the intrinsic arm-leg coordination during
gait. This allows for a better understanding of how the body adapts to support manual task
performance. As will be seen in the following section, arm-leg coordination contributes to
the emergent coordinative behavior that emerges between the pelvis and thorax.

2.6.2 Pelvis-Thorax Coordination and Its Relationship to Arm Swing

In healthy gait the pelvis-thorax relationship is multi-stable. At slow walking
speeds the pelvis and thorax move primarily in-phase in the transverse plane. As gait speed
increases the relationship becomes more out-of-phase. This shift in coordination patterns
between the pelvis and thorax has been linked to changes in the relative timing of the pelvis.
At slow gait speeds the thorax and pelvis move in the opposite direction of the femur, that
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is when the thorax and pelvis are in their most forward position transverse plane the femur
is in its most backward sagittal position (Bruijn et. al., 2008). As gait speed increases the
pelvis and femur transition to in-phase coordination, while the thorax reduces its amplitude
of rotation and remains out-of-phase with the femur (Bruijn, Meijer et al., 2008; Huang,
Meijer et al., 2010; Wu, Lin et al., 2014). Kubo and colleagues (2006) reported that the
reduction in thoracic rotation is attributed to an increase in trunk stiffness and the offsetting
production of torque by the arms as gait speed increases. Because arm swing influences
how the pelvis and thorax move relative to each other, transporting an object with one or
both arms will alter naturally occurring patterns. For example, Seay and colleagues (2011)
reported pelvis-thorax coordination was more in-phase when walking and running with a
rifle compared to unconstrained walking. The changes in coordination as a result of holding
a rifle raises the need to understand intersegmental coordination when walking with an
object.

Counter rotation of the thorax in relation to the pelvis was originally thought to
reduce whole body angular momentum (Stokes, Andersson et al., 1989; Wagenaar & Beek,
1992). Bruijn and colleagues (2008) showed that this is not the case. Combined, the pelvis
and thorax contribute less than 10% of total whole-body angular momentum, while the
arms and legs contribute 30% and 60%, respectively. When the arms are constrained,
pelvis-thorax relative phase is attracted to an in-phase relationship resulting in an increase
in whole body angular moment compared to normal walking (Ford, Wagenaar et al., 2007;
Baird, 2012). The thorax can increase its contribution to whole body angular momentum
when the arms are constrained, but not enough to make up for the loss of the arms. As a
result, the contribution of the legs increases by approximately 20%. Because angular
62

momentum has been shown to be minimized during gait, it is believed to be a variable
controlled by the nervous system (Popovic, Hofmann et al., 2004; Herr & Popovic, 2008).
Although it seems as if the body’s movements are being made to minimize angular
momentum, the caveat is that none of the work reported here has had participants perform
a functional task. Therefore, we do not necessarily know if angular momentum is a
controlled variable or a byproduct of emergent coordination. Furthermore, we don’t know
what a minimization of angular momentum means for the control of a functional task.

To avoid spilling when walking with a glass of water, the arm carrying the glass
will have to limit its amplitude of swing. Ford and colleagues (2007) reported that when
one arm is constrained, the free arm increases its amplitude compared to normal walking.
The increase in free arm amplitude may be to help counterbalance the angular momentum
being produced by the lower body or to maintain the pelvis-thorax coordination. Baird
(2012) reported that there is no clear relationship between pelvis-thorax coordination and
whole-body angular momentum, suggesting the body may be prioritizing angular
momentum. Without a functional task being performed it is unclear whether or not this is
the case. The work reviewed in this section highlights the overall need to understand how
the functional use of the arms may impact the coordination between the upper and lower
body.
2.7 Locomotion and Manipulation
The segmental relationships reviewed thus far (arm-leg, pelvis-thorax, pelvisthorax-arm) reveal a complex whole-body coordination that is affected predominately by
the speed at which the action is being performed. Object transport poses a different set of
constraints; it requires a task be integrated into the on-going control of upright stance and
63

walking. To successfully transport a cup of water without spilling its contents,
adaptations across the system need to be made before the cup is grasped and while the
individual is motion.

2.7.1 Grasping an Object While Walking
To walk up to a cup filled with fluid and to grasp it is to understand what
opportunities for actions are available. Because the motion of the body will impart some
force on the fluid through the cup, there is a degree of uncertainty as to how the fluid will
behave. The body may prepare itself, but it is not until the cup is grasped that more precise
adjustments to coordination are made. The characteristics of the object and the
environmental context in which it is placed have been shown to affect how the system
adapts to changing constraints (Rinaldi & Moraes, 2015; Rinaldi et al., 2017).
Depending on the nature of the object being grasped, the collective motion of the
body will impact how it is picked up. The forward swing of the arm is potentially the most
important aspect because the hand is the end-effector. For transporting a complex object
like a glass of water, the hand gathers perceptual information and enacts change. When
comparing grasping an object in a walking versus a standing posture, the forward velocity
of the wrist (relative to the illac crest) is faster when participants are standing still. With
increasing obstacles around the target while walking, the maximal grip aperture occurs
closer to the target and the maximal grip velocity is slower (Carnahan, McFadyen et al.,
1996; Rinaldi & Moraes, 2015). This suggests that perceptual constraints tune action as the
individual approaches the object (Anderson & Sidaway, 1994; Rinaldi & Moraes, 2015).
Despite these local changes at the level of the hand, grasping task difficulty may not have
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a large impact on interlimb coordination, suggesting that perceptual information about the
cup is tuning end-effector behavior. The changes seen across the system are more a
function of the act of grasping (Rinaldi et al., 2017).
The work done in this area has shown that the arms and legs can maintain a multistable relationship during task performance. An object can be grasped when the reaching
hand is in-phase with the contralateral limb. This has lead Carnahan and colleagues (1996)
suggest that the act of reaching for an object is a simple superimposition of the task on the
natural arm swing. The object can also be grasped when the reaching arm is in-phase with
the ipsilateral leg. In this scenario, the arm that is reaching for the object maintains a
relatively fixed position and allows the trunk to move it to the object (Cockell, Carnahan
et al., 1995; Carnahan, McFadyen et al., 1996; Bertram, 2002; Rinaldi & Moraes, 2015).
Rinaldi and colleagues (2017) showed that the introduction of the discrete grasping task
during gait disrupts the typical anti-phase relationship between ipsilateral limbs, leading to
a higher incidence of in-phase coordination. The finding that arm-leg coordination changes
as a result of task performance is important for several reasons. First, it demonstrates that
artificially constraining the arms as a means of understanding their contribution to the
maintenance of gait stability may not adequately represents how the body uses the arms
functionally. Ford and colleagues (2007) showed through the mechanical constraints of a
sling that asymmetrical behavior between the arms can be induced; the drawback of their
findings is that it is not possible to tell whether the asymmetry is functional. The results
from the grasping and walking literature shows that asymmetries brought about by task
performance are functional.
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Ford and colleagues (2007) reported no statistical differences in pelvis-thorax
coordination when comparing walking conditions where one arm was constrained through
instruction versus normal walking with both arms. There is reason to believe that when the
manual task constraint is functional, the body will adapt to support the grasping arm.
Bertram and colleagues (2002) reported an increase in trunk rotation when individuals were
tasked with grasping a glass of water with differing degrees of water levels. When water
levels increased, so did the degree of trunk rotation, suggesting that trunk rotation is needed
to stabilize the task performance.
With increased manual task difficulty during walking there is an increase in stance
time (Bertram, 2002; Rinaldi & Moraes, 2015). This is most likely due to people slowing
down when asked to perform a manual task (Carnahan, McFadyen et al., 1996; Bertram,
2002; Rinaldi & Moraes, 2015). Important to note is that task difficulty does not affect the
onset of reaching, suggesting that the reaching motion begins as the arm swings forward
(Bertram et al., 2002). Arm swing may have a passive component to it, but under task
constraints such as these, arm swing is clearly active.
The studies reviewed in this section highlight the coordinative and limb motion
adjustments that are occurring across the entire body in preparation for grasping the object.
Although this dissertation will not focus on the grasping portion of object transport, there
is reason to believe that the body will continue to adapt whole-body coordination to support
continuous object transport.

2.7.2 Object Transport During Gait
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Once an object has been grasped the body must continue to adjust to support manual
task performance. To date, there is a limited understanding of how it does this. Togo and
colleagues (2012) showed the body can release and freeze degrees of freedom as function
of task constraints. In their experiment they had individuals walk on a treadmill at a fixed
pace while carrying a glass of water or an equivalently weighted cup filled with rocks.
Investigating the motion of the hand, elbow, shoulder, and hip in the sagittal plane, they
hypothesized that individuals try to minimize segmental jerk to maintain a stable cup angle.
Using the uncontrolled manifold (UCM) they hypothesized that the variability parallel to
the UCM would be larger than the orthogonal component. Variability parallel to the UCM
is theoretically important because it represents degrees of freedom that can vary while
leaving task performance unchanged. Therefore, this variability is functional. Variability
perpendicular to the UCM is non-functional because these are the degrees of freedom the
body is trying to minimize. When variability orthogonal to the UCM increases it comes as
a detriment to task performance. In line with their hypothesis, Togo and colleagues (2012)
found that variability parallel to the UCM is larger than the orthogonal component. When
walking with a cup of rocks, variability perpendicular to the UCM increased. These results
suggest that the body makes adjustments along the kinematic chain to prevent the forces
generated during ground contact from affecting task performance. This hypothesis is
supported by recent findings by Lim and colleagues (2017) who showed that runners alter
their gait mechanics to attenuate shock at the head in support of visual task performance
(Lim, Busa et al., 2017). The work done by Togo and colleagues (2012) is informative to
the extent that it shows adaptations occur across the entire body when the task has
ecologically relevant consequences. However, it does not provide any information about
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the nature of the adaptations. Togo and colleagues (2012) reported on the sum of squares
of the jerk for the joints included in their model (elbow, shoulder, and hip in the sagittal
plane), but this is another measure of variance and does not provide information about how
the segments were coordinated. Currently there is a limited amount of information about
how the body adapts to support manual task performance.
One avenue of research has focused on the application of force to an object during
gait. For example, when transporting a fluid-filled container with and without a lid, people
reduce their gait speed along with the amount of force applied to the object when the fluid
becomes “spill-able”. When fluid is spill-able, the vertical displacement of the trunk and
cup are reduced, with the cup maintaining a smaller displacement compared to the trunk.
At the level of the hand the force applied to the cup is closely linked with the inertial forces
acting on the object. Gysin and colleagues (2003) reported a cross correlation of 0.9 (on a
scale of 0-1) between the grip force and inertial forces acting on the cup. When the lid was
off, and the fluid became spill-able, the correlation significantly decreased to 0.8. The
reduction in the coupling strength between the grip force and inertial force may be a
byproduct of reduced gait speed. Alternatively, the reduction could be a means of making
the system more flexible and adaptable (Amado et al., 2016). The question is, what
perceptual information is being used to guide the adaptations that prevent spilling?
Gysin and coworkers (2003 & 2008) reported that maximum grip force occurred
near heel strike. From a theoretical perspective this finding is significant because it
supports the notion that manual task events are frequency locked with heel strike (Muzii et
al., 1984; Whithall et al., 1996). Whitall and colleagues (1996) instructed participants to
clap and walk at their preferred pace (no specific instructions how people should clap).
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They reported the emergence of 1:1 (1 clap per step) and 2:1 coordination (1 clap per stride)
between the hands and feet. The results of Whithall and coworkers (1996) support the
claims that arm-leg coordination is inherently multi-stable. Based on the results from both
the grip force and emergent behavior observed in clapping and walking, it is suggested that
relative motion between the hands and feet may serve as a perceptual variable to organize
the entire system. A drawback of this interpretation is that the work reported thus far have
not provided a measure of task performance.
Measures of task performance are critical for understanding what an individual is
attempting to control and for establishing a potential perceptual variable used to guide the
action. In the work conducted by Gysin and colleagues (2003, 2008), their measures of task
performance focused entirely on the control of the cup. This is a reasonable approach but
the relationship between the force applied to the cup and inertial forces acting on the cup
due to gravity does not provide any information about how the actual object of control, the
fluid, moves. As seen from the work of Hasson and Sternad (2012) the relationship between
the rim of the cup and the fluid is an important perceptual variable for guiding how people
regulate the motion of the cup. For a fuller understanding of adaptive behavior during the
transport of a complex object, an approach that takes into consideration full body motion
as well as the motion of the fluid is needed.
2.8 Summary
Carrying an object while walking is a common activity of daily living. It represents
a complex task that requires a great deal of control. To date there is not a lot known about
how the body does it. The information that is available varies in focus, experimental and
theoretical approach. For a more comprehensive understanding of object transport during
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gait a multi-pronged approach is needed. Task performance first needs to be related to
changes in intersegmental coordination. An understanding of how these two levels relate
is vital because the body’s degrees of freedom organize themselves to support task
performance. In turn, task performance will provide the perceptual information that will
tune their behavior. Understanding the nature of the adaptations at the level of coordination
will allow for a fuller appreciation of any changes that may occur in the relationship
between manual task performance and gait as a function of task constraints.

70

CHAPTER III
PROPOSED METHODS

3.1 Introduction
The primary objective of this dissertation is to understand how the body’s degrees
of freedom organize themselves to support the performance of a manual task during gait.
The literature on object transport during gait has largely described some global changes
that occur while transporting a complex object (e.g., decreased gait speed or changes in
grip force during the gait cycle). Because there is a limited amount of work done on object
transport during gait, there are many open-ended issues. The current dissertation will begin
to address how the how the body adapts to support manual task performance and how the
body’s dynamics interact with those of the task being performed.

3.2 Participant Characteristics
Given the limited knowledge on the topic, the studies outlined here will focus on
young healthy individuals, males and females, between the ages of 18-40 years of age with
no physical or neurological disorders. Studying coordinative changes, within and between
limbs, as a function of manual task constraints in young healthy adults allows for the
development of a baseline of adaptive behavior. Because these individuals will have no
other physiologic impairments, any changes to coordinative behavior can be attributed to
the constraints placed on the system.
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The number of participants needed for each study was identified using existing
bodies of literature. Sample sizes were estimated using a power analysis with α= 0.05 and
β= 0.80 (Table 3.1). Given that there are few studies that have considered object transport
during gait, references with dependent variables of interest were used. The three variables
were time-to-contact, mutual information, and continuous relative phase. Time-to-contact
will be a used to quantify manual task performance. From the work done by Hasson and
colleagues (2012), energy margin variability (a conceptually similar variable) data were
obtained for sample size estimation. Based on their data, a sample size of 14 participants
was estimated. Nasseroleslami and colleagues (2014) modeled object transport using a
virtual ball in a cup. To quantify the degree of coupling, or the relationship, between the
motion of the ball and the cup they used mutual information. The cup-ball mutual
information variability yielded a sample size estimate of 9 participants. Continuous relative
phase will be used in this study to quantify the spatio-temporal relationship between and
within segments. Of interest to us is how manual task constraints affect the pelvic-thorax
relationship. Seay and colleagues (2011) represent the only known study that has examined
this relationship under a manual task constraint using continuous relative phase. Based on
their study, we estimated a total of 19 participants will be needed. Because the two studies
in this dissertation will utilize the same dependent variables, a sample size of 20
participants will be used for each study. This number is sufficient to satisfy all three sample
size estimations.
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Study

Table 3.1 Computed sample size estimates
Variable
PSample Size N
value

Citation

Estimate

1

Time-to-Contact

p < 0.05

14

18

Hasson et al. 2012

2

Mutual information

p < 0.05

9

8

Nasseroleslami 2014

3

Continuous Relative Phase

p < 0.05

19

11

Seay et al., 2011

(CRP)

3.3 General Procedures and Equipment
Upon entering the University of Massachusetts Motor Control Laboratory,
participants will be asked to review and sign the informed consent document approved by
the institutional review board. Participants will then be familiarized with the laboratory
setup and given the instructions for the study of interest verbally. The individual will then
be asked to change into spandex shorts and a spandex tank top. Men will be allowed to be
shirtless, while women can elect to perform the study wearing a sports bra. Once the
individual has changed, their anthropometric data will be collected. The participant’s
height, weight, arm, leg, and foot length will be record (this will be done bilaterally). Upon
completion participants will be prepared for data collection.

3.3.1 Description of manual task
Both studies outlined in this chapter will differ in their specific procedures, but the
general manual task will remain the same. The task selected for this dissertation is meant
to be an abstraction of walking with a cup of water (Figure 3.1). A 12 oz household cup
will be outfitted with a thin, flat, wooden lid. On the lid there will be a circle with a
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circumference equal to that of the cup itself (from here on the flat surface will be referred
to as the target surface) (Figure 3.1). To model the behavior of fluid inside of the cup, we
will place a ball on top of the target surface. The ball is a suitable model of fluid motion
because like water it is not directly controlled by the individual, but it is indirectly affected
by the motion of the target surface. The goal of the task will be to keep the ball inside the
circular boundary defined by the cup’s circumference. If the ball goes past the boundary it
will represent spilling of liquid. Participants will be instructed to hold the glass with a
neutral, or semi-supine arm posture and to contact the cup with the palm of their hand and
all their fingers (Figure 3.1). To prevent participants from assuming an unnatural arm
posture when performing the task, they will be instructed to hold the cup as if they were
walking down a hallway or in between rooms at home (an elbow angle of approximately
90O). Throughout the experiment the instructions will be repeated as a reminder. Across
both experiments the participants will be walking on a Woodway treadmill (Waukesha,
WI, U.S.A.).
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Figure 3.1 Manual Task Description. To simulate carrying a glass of water (left) a
flat lid with a target will be placed on top of the cup (target surface; right). In the
conceptual task the red ring is the rim of the cup and will be the same circumference as
the cup being used. The ball placed on top of the target surface will represent fluid in
the cup.
3.3.2 Data Collection
To understand how the body’s degrees of freedom adapt to changes in manual task
constraints, 3D kinematic data will be collected using 10 Motion Analysis cameras (Motion
Analysis, Santa Rosa, CA). Retro reflective markers will be used to define a full body
kinematic model. (Figure 3.2). To assess task performance the corners of the target space
will be defined by four retroreflective markers. The ball will be covered in retroreflective
material to track its motion. Initial post processing will be done in the Cortex software
(Motion Analysis, Santa Rosa, CA). Files will then be exported to Visual 3D (C-Motion,
Germantown, MD, U.S.A) for further modeling. All dependent variables will be computed
using custom software in MATLAB (Mathworks, Natick, MA, U.S.A). Prior to data
collection the camera system will be calibrated. The calibration L-frame will be placed in
the back-left corner of the treadmill. This will ensure the global coordinate system follows
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a right-hand coordinate system, such that the medial-lateral direction corresponds with the
positive X-axis and anterior-posterior motion is in the positive Y- direction (Figure 3.3).

Figure 3.2 Experimental Retro-Reflective Marker Setup. A full body retro-reflective
marker setup will be used to record the body’s adaptive behavior. The thorax will be
defined by markers on the acromioclavicular joints and the iliac crests. The pelvis will
be defined by markers on the iliac crests and anterior superior iliac spines. Bi-laterally
the shoulder joints will be defined by three markers. Markers will be placed on the lesser
tubercle of the humerus and lateral aspect of shoulder and one on the greater tubercle of
the humerus. The thigh will bilaterally be defined by markers on the greater trochanter,
medial and lateral epicondyles of the femur. The lower leg will be defined bi-laterally
by the medial and lateral epicondyles of the femur and the medial and lateral malleoli of
the ankle. The feet will be bi-laterally will be defined by markers on the big toe, first,
second, and fifth metatarsal head, and calcaneus. A crown of markers will be used to
define the head position (2 markers on the frontal bones can be seen on the left and 2 on
the occipital bones can be seen on the right). The target surface will be defined by a
marker on each of its corners. The red circle in the middle of the target surface will define
the rim of the cup (note it will not be retroreflective, red was use for viewing purposes).
The ball will be covered in retroreflective tape to allow for 3D recording. For experiment
two, markers on the zygomatic processes of the temporal bone and zygomatic bones will
define the visual gaze vector used in experiment two.
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Figure 3.3 Visual Representation of The Global Coordinate System. A visual
representation of the global coordinate system that will be used in the current
experiment. The X and Y axis will represent the medial-lateral and anterior-posterior
directions, respectively.
3.4 Study 1: Coordinative Adaptations During Object Transport
The aim of this study is to understand how the body adapts to ecological manual
task constraints. Previous work on the transport of complex objects during gait have shown
that people naturally tend to slow down their gait speed and increase the degree of
functional variability to support manual task performance (Gysin et al., 2003; Togo et al.,
2012). These studies have not fully addressed how the rest of the body adapts to support
manual task performance. Through the manipulation of gait speed healthy arm-leg and
pelvis-thorax coordination patterns have been established. Currently there is no
understanding of how the body’s preferred patterns are altered to support manual task
performance. Therefore, the first study of this dissertation will gradually increase manual
task and speed constraints to assess how the body adapts.

3.4.1 Study 1 Procedures
Once the participants have been prepared for data collection, they will walk on the
treadmill for five minutes. This time will serve several purposes. First it will allow the
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participant to be familiarized with treadmill walking. Second, it will be used for the
establishment of the individual’s preferred walking speed. Preferred walking speed will be
established in the first two minutes of walking. To establish preferred walking speed, we
will follow the same protocol as Holt and colleagues (1991). The participant will verbally
instruct the experimenter to increase or decrease the treadmill belt speed. Once the
participant has established a comfortable walking speed, the experimenter will confirm the
individual’s preferred walking speed. To confirm the preferred walking speed, two trials
will be performed, one in which the belt speed will increase, and in the other it will be
decrease. In both test trials, the treadmill belt speed will be ±0.5 m/s different from the
indicated preferred walking speed. Once again, the participant will need to verbally instruct
the experimenter to change the treadmill speed. A difference of ±0.1 m/s error will be
accepted. If the participant doesn’t not arrive at the same preferred gait speed, the two test
trials will be repeated. After repeating the test trials, if the participant does not identify the
same preferred walking speed, the entire process will be repeated. Once the preferred speed
is established, the participants will perform a standing calibration. They will stand in the
anatomical position and will be instructed to look straight ahead. Upon completing the
standing calibration, the experiment will begin.

The current experiment is designed in a block fashion with each trial lasting 45
seconds. There are three blocks in total: unconstrained, cup only, and cup plus ball. The
unconstrained block will consist of walking on the treadmill with no objects in the hands.
In the cup only block participants will carry an empty cup with their dominant hand. In the
cup and ball block participants will perform the manual task as described in section 3.3.1.
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The order of the blocks will be the same across all participants, unconstrained, cup only,
and cup plus ball. Prior to the cup and ball condition participants will perform three 45
second practice trials to become familiarized with controlling the ball on the target surface.
The practice trials were placed prior to ball and cup condition to prevent any influence the
performance of the manual task may have on how people naturally hold the cup. Each of
the blocks will be separated by a 2-minute rest period. Within each block participants will
walk at six fixed gait speeds ranging from 0.4– 1.4 m/s, separated by increments of 0.2
m/s. Gait speeds within each block will be randomized. The unconstrained and cup only
conditions will each have 12 trials (two repetitions at each gait speed), and the cup plus
ball condition will have 18 trials (three repetitions at each gait speed). Altogether there will
be 42 experimental trials.

3.4.2 Study 1 Dependent Variables
To assess how the body adapts to support manual task performance under changing
constrains, the analysis will be broken down into three levels: manual task performance,
coordination, and locomotor-manual interaction.

3.4.2.1 Manual Task Variables
Basic measures of manual task performance are the number of times the ball leaves
the target zone (i.e., a spill), and how much time the ball spent outside of the target zone.
Once the ball goes outside of circle, it is considered a “spill” (Figure 3.4). The number of
spills will be quantified using the resultant position between the ball’s anterior-posterior
(AP) and medial-lateral (ML).
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Figure 3.4 95% Confidence Ellipse for Manual Task Performance. A 95%
confidence ellipse will be fit around the ball trajectory (blue line) and will provide a
measure of dispersion. The number of times the ball will go outside the red circle will
define the number if “spills”.

To quantify the degree of dispersion of the ball’s movement, a 95% confidence
ellipse will be fit around the ball’s trajectory (eq. 3.1-3.2). To identify the major and minor
axes of the ellipse, the principal component technique will be used (eq. 3.2). The principal
component method was selected because it makes no assumption about best fit lines as
linear regression techniques do. It simply finds the principal axis, or eigenvalues (eig) of
the covariance matrix (cov) between the AP and ML movement of the ball (Ballap and
Ballml, respectively). Equation 3.2 shows the process of finding the principal axes using
MATLAB notation (Duarte & Freitas, 2010). Using the “val” output, which is a diagonal
matrix containing the eigenvalues of the covariance matrix, the area of the ellipse is found
in equation 3.2. The value 2.4478 represents the 95% confidence value for a Chi-square
distribution with 2 degrees of freedom (Schubert, Kirchner et al., 2012). Where “prod” is
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the product function and “svd” is the singular value decomposition function, both in the
MATLAB program language that will be used for the data analysis of this dissertation.

[~, val] = eig(cov(Ballap, Ballml))

3.1

Area=𝜋𝜋 ∗ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(2.4478 ∗ �𝑠𝑠𝑠𝑠𝑠𝑠(𝑣𝑣𝑣𝑣𝑣𝑣))

3.2

To assess how the individual is controlling the ball relative to the boundary of the
target zone we will quantify the ball’s time-to-contact (TtC). TtC is a perceptual measure
of the body’s sensitivity to future events (i.e., prospective control) (Figure 3.5). The
boundary of the target zone will be defined as a circle with a circumference equal to the
cup being used. The ball’s instantaneous position, velocity and acceleration is used to
calculate TtC in equation 3.4, by solving for the virtual time to boundary, tb.

𝐴𝐴𝜏𝜏𝑏𝑏2 + 𝐵𝐵𝜏𝜏𝑏𝑏 + 𝐶𝐶 = 0

3.4

Where A, B, and C are defined as:

𝐴𝐴 =

𝑎𝑎𝑜𝑜𝑜𝑜 (𝑡𝑡𝑖𝑖 ) − 𝑚𝑚𝑎𝑎𝑜𝑜𝑜𝑜 (𝑡𝑡𝑖𝑖 )
2

𝐵𝐵 = 𝑉𝑉𝑜𝑜𝑜𝑜 (𝑡𝑡𝑖𝑖 ) − 𝑚𝑚𝑉𝑉𝑜𝑜𝑜𝑜 (𝑡𝑡𝑖𝑖 )
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3.5

3.6

𝐶𝐶 = 𝑟𝑟𝑜𝑜𝑜𝑜 (𝑡𝑡𝑖𝑖 ) − 𝑦𝑦𝑏𝑏 − 𝑚𝑚(𝑟𝑟𝑜𝑜𝑜𝑜 (𝑡𝑡𝑖𝑖 ) − 𝑥𝑥𝑏𝑏 )

3.7

The equations above use the instantaneous position (𝑟𝑟𝑜𝑜𝑜𝑜 , 𝑟𝑟𝑜𝑜𝑜𝑜 ), velocity (𝑉𝑉𝑜𝑜𝑜𝑜 , 𝑉𝑉𝑜𝑜𝑜𝑜 )

and acceleration (𝑎𝑎𝑜𝑜𝑜𝑜 , 𝑎𝑎𝑜𝑜𝑜𝑜 ) of the ball in the X and Y plane, to calculate the coefficients
needed to find TtC (Slobounov, Slobounova et al., 1997; Haddad, Ryu et al., 2010).

Figure 3.5 Time-to-Contact of The Ball with The Target Zone Boundary. The
time-to-contact (TtC) is a virtual projection of the ball’s (red dot inside dotted black
box) instantaneous position, velocity, and acceleration to the boundary. Each arrow
represents a potential TtC. The arrow that will ultimately be selected as the TtC value
for a given frame is the trajectory with the shortest contact time because it presents the
greatest threat to task performance.

In the current paradigm the target surface is directly controlled by the individual.
Its movements indirectly affect the ball. To assess how tightly coupled the motion of the
target surface and ball are, we will use mutual information (MI; eq 3.7). Where p is the
probability density of the function of the ball (𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ) and target surface (𝜑𝜑𝑡𝑡𝑡𝑡 ) components.
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We are interested in the spatial as well as spatio-temporal relationships between the ball
and target surface. Data analysis will inform us as to which components will be used to
describe these relationships. When MI is 0 the ball and target surface are completely
independent of each other. They are maximally coupled when MI is equal to 1.

𝑀𝑀𝑀𝑀(𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝜑𝜑𝑡𝑡𝑡𝑡 ) = � 𝑝𝑝( 𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝜑𝜑𝑡𝑡𝑡𝑡 )𝑙𝑙𝑙𝑙𝑔𝑔

𝑝𝑝(𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝜑𝜑𝑡𝑡𝑡𝑡 )
𝑑𝑑𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝜑𝜑𝑡𝑡𝑡𝑡
𝑝𝑝(𝜑𝜑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 )𝑝𝑝(𝜑𝜑𝑡𝑡𝑡𝑡 )

3.7

3.4.2.2 Coordination Variables
For a glass of water to be transported without spilling any fluid, adaptations across
the entire system are needed. To understand where and how adaptations are occurring, we
will assess changes in both inter- and intra-limb coordination. In the spatio-temporal
domain coordination and coordination variability will be assessed using continuous relative
phase (CRP). Continuous relative phase will be calculated using the Hilbert Transform (eq.
3.8) (Lamb et al., 2014). In equation 3.8 when t = τ the integral is improper, and to account
for this the integral will be calculated using the Cauchy principal value (P.V. in equation
3.8). The Hilbert Transform (HT) is ideal for the calculation of CRP because it does not
make any assumptions about the nature of the input signal. Unlike traditional methods of
calculating CRP that require reconstruction of the state space through normalization of the
position and velocity signals to calculate phase angles for non-sinusoidal signals, the
Hilbert technique transforms real signals into a complex analytic signal (Van Emmerik,
Miller et al., 2014). The phase angle is then the resultant vector between a real data point,
and its imaginary counterpart (eq. 3.9; where H(ti) is the imaginary part of the real data
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point (x(ti)). CRP between two signals is calculated by equation 3.10, where 𝜑𝜑1 and 𝜑𝜑2
represent the phase angle time series for two arbitrary signals (Lamb & Stöckl, 2014).

𝐻𝐻�𝑥𝑥(𝑡𝑡)� =

∞
1
𝑥𝑥(𝜏𝜏)
𝑃𝑃. 𝑉𝑉 �
𝑑𝑑𝜏𝜏
𝜋𝜋
−∞ 𝑡𝑡 − 𝜏𝜏
𝐻𝐻(𝑡𝑡 )

3.8

𝜑𝜑(𝑡𝑡𝑖𝑖 ) = arctan( 𝑥𝑥(𝑡𝑡 𝑖𝑖) )

3.9

CRP(𝑡𝑡𝑖𝑖 ) = 𝜑𝜑1 (𝑡𝑡𝑖𝑖 ) − 𝜑𝜑2 (𝑡𝑡𝑖𝑖 )

3.10

𝑖𝑖

= arctan(

𝐻𝐻1 (𝑡𝑡𝑖𝑖 )𝑋𝑋2 (𝑡𝑡𝑖𝑖 ) − 𝐻𝐻2 (𝑡𝑡𝑖𝑖 )𝑋𝑋1 (𝑡𝑡𝑖𝑖 )
)
𝑋𝑋1 (𝑡𝑡𝑖𝑖 )𝑋𝑋2 (𝑡𝑡𝑖𝑖 ) + 𝐻𝐻1 (𝑡𝑡𝑖𝑖 )𝐻𝐻2 (𝑡𝑡𝑖𝑖 )

Rotation of pelvis about the thorax in the transverse plane is key to the maintenance
of gait stability. To assess how manual task performance affects this relationship we will
calculate CRP and CRP variability for the pelvis-thorax coupling in the transverse plane.
For within limb coordination at the level of the arm there is no basis for selecting specific
joints and directions, and we will therefore first look at joint angular motion in all three
planes. Upon identifying where the adaptations are occurring and the planes in which they
are occurring in, we will further analyze them with CRP and variability of the CRP
analysis, CRP variability
The coordination between the arms and legs in the sagittal has been shown to be
multi-stable, in that they can assume both a 2:1 and a 1:1 relationship. To assess how
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changing task constraints affect the arm-leg coordination in the spatio-temporal domain,
we will use CRP and CRP variability. We will compare ipsilateral and contralateral armleg couplings. To understand how arm-leg coordination changes in the frequency domain,
a Fast Fourier Transform (FFT) will be used to obtain the frequency content of each limb
(Figure 3.7). The frequency content of the arms will be based on the angular movement of
upper arm segments in the sagittal plane. To calculate the frequency content of the legs,
we will use the angular movement of the thigh in the sagittal plane. The dominant
frequency for each limb will be defined as the frequency that is at least two standard
deviations above the mean (Donker et al., 2001). A characteristic feature of the gait cycle
is the existence of two dominant frequencies. The larger of the two is the stride frequency
and the second largest peak is the step frequency. A stride is defined from heel strike to
heel strike for a given leg, and a step is defined as the heel strike from a one leg to the next
heel strike of opposite leg. To assess the nature of arm-leg coordination in the frequency
domain the relative power index (RPI; eq. 3.11) will be calculated (Ford et al., 2007).

𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑃𝑃1 − 𝑃𝑃2
𝑃𝑃1 + 𝑃𝑃2

3.11

In equation 3.11, P1 is the power of the arm at the stride frequency and P2 is the
power of the arm at the step frequency. An RPI above zero is considered a 1:1 and below
zero a 2:1 frequency coupling.
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Figure 3.6 Arm-Leg Coordination in The Frequency Domain. The ipsilateral arm
and leg (red color in left panel) have been shown to display multi-stable behavior (1:1
and 2:1). The power spectra of the right leg (right column, lower panel) shows two
peaks. The larger peak at 1 Hz is the stride frequency and the smaller peak at 2 Hz is
the step frequency. When the ipsilateral arm frequency is locked to the second peak
there is a 2:1 coordination, while locking to the stride frequency shows a 1:1
coordination. Taking the ratio of the arm frequency relative to the frequency of the leg
at stride and step frequency will allow for the identification of these patterns (i.e.
relative power index).
3.4.2.3 Locomotor-Manual Coordination Variables
As people walk their center of mass (CoM) rhythmically oscillates (Figure 3.7).
When a glass of fluid is being transported during gait, CoM oscillations will be imparted
on the fluid’s motion. In the current experiment we can quantify to what degree the task
performance is being influenced by CoM motion by calculating the mutual information
(MI) (eq. 3.7) of the CoM relative to different aspects of the task. To understand how CoM
motion is related to the movement of the target surface, MI between the target surface in
the AP and ML direction will be calculated. MI between the CoM and the ball motion in
the AP and ML direction will assess how tightly coupled the body’s overall motion is
related to the stabilization of task performance. From a theoretical perspective
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understanding the relationship between the CoM and task performance is important
because the CoM is often thought to be the variable that is controlled during walking. When
transporting an object, the regulation of CoM is important, but so is the stabilization of task
performance. Therefore, the use of MI may bring to light the relationship between two key
aspects of object transport during gait that may ultimately affect how the body maintains
stability.

Figure 3.7 Center of Mass Trajectory In The Vertical And
Horizontal Planes. Movement of the center of mass (CoM) in the
vertical direction (top ), horizontal direction (bottom), and in the
fore-aft direction (not pictured here) during gait will influnce how
fluid is stabilized in a cup. To what degree largely depends on how
individuals adapt to diminish the CoM oscillations from affecting the
task.
87

3.4.3 Study 1 Statistical Analysis
All statistical analyses will use an α = 0.05. To assess the effect of the manual task
constraints and gait speed we will use Cohen’s D to calculate effect sizes. An effect size
between 0.20-0.5 is weak, 0.50-.80 is a medium effect, and 0.80-1.0 is a large effect.
Hypothesis 1.1a predicts coordination between the thorax and the pelvis will
become more in-phase (less relative motion) when performing a goal-oriented manual task.
A two-way repeated measures ANOVA will test the effects of speed (2) and task (3). The
dependent variable for this analysis will be pelvis-thorax CRP.
Hypothesis 1.1b predicts coordination between the arms and ipsilateral leg will not
be affected by performing a goal-oriented manual task. A two-way repeated measures
ANOVA will test the effects of speed (6) and task (3). The dependent variables for this
analysis will be arm-leg CRP and RPI.
Hypothesis 1.2 predicts coordinative variability between the pelvis and thorax will
decrease when performing a goal-oriented manual task. A two-way repeated measures
ANOVA will test the effects of speed (6) and task (3). The dependent variable for this
analysis will be pelvis-thorax CRP variability.
Hypothesis 1.3 predicts manual task performance will remain unchanged as a
function of gait speed. A one-way repeated measures ANOVA will compare the effect of
gait speed on task performance. The dependent variables for this analysis will be ball path
area, time-to-contact, and mutual information between the ball and the target surface.
Hypothesis 1.4 predicts manual-locomotor coupling will decrease with gait speed.
To understand how the target surface and CoM relationship changes as a function of task
and gait speed, a two-way repeated measures ANOVA (speed (6) x task (2)) will used.
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Once the ball is placed on the target surface, it becomes the object of control. To understand
how the CoM interacts with the motion of the ball, we will use a one-way ANOVA to
assess the changes in mutual information across gait speed.

3.5 Study 2: Coordinative Adaptation to Visual Task Performance During Object
Transport
The aim of the current experiment is to understand how the body adapts to support
manual task performance when simultaneously engaged in a visual task. In everyday
activities it is common for an individual to be attending to visual information in the
environment while walking and transporting an object. There is reason to believe that in
these scenarios the haptic perceptual system plays a larger role in guiding adaptive behavior
because of its ability to perceive the body’s segments in space (proprioception) and the
objects attached to the body (exteroperception) (Carello & Turvey 2011). Currently the
studies that have examined object transport during gait have not constrained where
participants should look throughout the experiment, which means that individuals could
look at the hand regularly throughout the experiment. In most activities of daily living we
must attend to visual information while performing a manual task. Currently there is no
understanding how the body adapts to perform a manual task while attending to visual
information simultaneously during gait. Therefore, the current study will take a first step
at understanding how the body balances the responsibility of performing a visual and
manual task while walking.

3.5.1 Study 2 Procedures
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Once participants have been prepared for data collection, they will walk on the
treadmill for five minutes. As in study one we will use this time to find the participants’
preferred walking speed using the same procedures described in section 3.3.1. The current
experiment will introduce a visual task to assess how the body adapts to support manual
task performance while concurrently attending to visual information. While walking on the
treadmill at preferred speed, Landolt C’s will appear on a screen in front of the treadmill.
Throughout the duration of the trial the opening of the C’s will change direction (up, down,
left, and right). The participant will be instructed to verbally identify when the C is opened
to the left (Figure 3.8). All responses will be recorded as correct or incorrect by the
experimenter. Each C will be on the screen for 0.6 seconds and will appear randomly. In a
45 second trial there will be a total of 75 C’s, with each direction appearing four times. A
perfect score for the identification of the C open to the left will be 18.
The current experiment is designed in a block fashion with each trial lasting 45
seconds. The order of the blocks will be randomized across all participants. There are two
blocks, cup plus ball and cup plus ball plus visual task. Each of the blocks will be separated
by a 2-minute rest period. Within each block participants will walk at two gait speeds,
preferred and 50 % preferred. Within each block speed will be randomized, but each
condition will be performed a total of 10 times, yielding 20 trials per block. Prior to the
two experimental blocks participants will perform three practice trials of the visual task
only, and another three for the cup plus ball task.
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Figure 3.8 Description of Study 2 Visual Task. Experiment two will require
individuals perform the manual task while identifying when Landolt C’s are open to
the left. The screen’s position in space will be identified by retro reflective markers
placed on each of its corners. The gaze vector (arrow projecting from the individual’s
head) will be used to quantify the individual’s head position in space, relative to the
monitor’s center point. This will be done by finding where the vector intersects the 2D
plane defined by the four corners of the monitor.
3.5.2 Study 2 Dependent Variables
The dependent variables for the assessment of manual task performance,
coordination, and manual-locomotor coupling will be the same for the current experiment
as they were in experiment 1. Additional measures will be added for this experiment to
include the assessment of visual task performance. Visual task performance will be
quantified by the number of correctly identified Landolt C’s. The position of the head in
space will be quantified by the gaze vector (Figure 3.9). The gaze vector will be created
using the four retro reflective markers placed on the head (Figure 3.2). The first step in
creating the vector is to find the midpoint between the markers placed on the zygomatic
arches. The same will be done for the markers placed anteriorly on the ridge of the
zygomatic bone. Using the two center points a vector will be projected onto the center of
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the monitor plane. The monitor plane will be defined by four retro reflective markers placed
on the corners of the screen (Figure 3.8). If the head gaze moves vertically below the center
point of the plane the value will be negative. Moving to the right of the center point will
result in positive ML values. From the head gaze vector, we will calculate the average
distance from the center of the monitor. In conjunction with head-trunk CRP and CRP
variability we can understand how the head adapts to support both tasks.

3.5.3 Study 2 Statistical Analysis
A two-way repeated measures ANOVA with an α = 0.05 will test the effect of speed
(2) and visual condition (2). Cohen’s D will be used to calculate the size of manual task
and visual task effects. An effects size between 0.20-0.5 is weak, 0.50-.80 is a medium
effect, and 0.80-1.0 is a large effect.
Hypothesis 2.1a predicts coordination between the thorax and the pelvis will
become more in-phase (reduced relative motion) when performing a concurrent visual and
manual task. The dependent variable for this analysis will be pelvis-thorax CRP.
Hypothesis 2.1b predicts coordination between the free arm and ipsilateral leg will
not be affected by performing a concurrent visual and manual task. The dependent
variables for this analysis will be arm-leg CRP and RPI.
Hypothesis 2.2 predicts coordinative variability between the pelvis and thorax will
decrease when performing a goal oriented manual task while attending to visual
information. The dependent variable for this analysis will be pelvis-thorax CRP variability.
Hypothesis 2.3 predicts when attending to visual information, manual task
performance will decrease. The dependent variables for this analysis will be ball path
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length, ball path area, time-to-contact, and mutual information between the ball and the
target surface.
Hypothesis 2.4 predicts manual-locomotor coupling will decrease when performing
a manual and visual task simultaneously. The dependent variable for this analysis will be
mutual information.
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CHAPTER IV
CHANGES TO DISSERTATION
4.1 Changes to Study 2
4.1.1 Changes to Gait Speed
During the development of the dissertation, study 2 was modified based on pilot
testing and observations made during the collection of study 1. Gysin and colleagues
(2003) showed that people decrease gait speed when carrying a full cup of water over
ground. Therefore, it was expected that participants would naturally slow down when
carrying a full cup of water. Because of this, the original design focused on how
participants performed the task at their preferred speed and 50% of their preferred. The
purpose of study 1 was to understand how the performance of a manual task altered
intrinsic gait dynamics. To be able to compare the results of study 2 to study 1, it was
decided that the gait speed should remain constant across all participants, and it should be
scaled in a step-wise fashion to elicit changes in coordination. Based on results from study
1, the average preferred walking speed was 1.2 m/s. Because we anticipated participants
would naturally decrease gait speed when performing the manual task over ground, 1.2 m/s
was set as the maximum speed. To assess how the performance of a concurrent visual and
manual task may affect coordination behavior of the pelvis-thorax and arm-leg couplings,
two slower speeds were selected. Prior work on the intrinsic dynamics of gait have
established that below 0.75 m/s arm-leg coordination is largely 2:1 and thorax-pelvis
coordination is in-phase (Van Emmerik & Wagenaar, 1996; Wagenaar & Van Emmerik,
2000; Van Emmerik, McDermott et al., 2005). Between 0.75-0.8 m/s coordination begins
to transition. To capture coordination dynamics at a very slow gait speed and around the
transition, 0.6 and 0.9 m/s were selected as the two slower speeds.

4.1.2 Changes to Visual Task
In the original study design participants would have to verbally identify when a
Landolt C appeared on the screen. The C would be on the screen for 0.6 seconds and would
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appear 75 times. Pilot testing showed that this design was too difficult for participants to
perform. As a result of pilot testing and work done by Lim and colleagues (2015) the
following modifications to the protocol were made. Rather than continuously appearing
and reappearing on the screen, a “C” equivalent to a Snellen chart value of 4/20 at a 13foot distance was statically placed on the screen (Lim, Amado et al., 2015). The task was
to identify when the “C” changed directions and opened to the left. The amount of time the
“C” was on the screen increased from 0.6 seconds to 1 second (Lim et al., 2015). When
participants noticed the “C” changed direction they verbally replied by saying “GO”. To
prevent the timing of the stimulus from being predictable, the amount of time between the
direction change was randomly selected within a range of 3-12 seconds. As a result, not all
trials lasted 45 seconds as originally intended.

4.1.3 Changes to Trial Order and Number of Trials
The original study design had participants perform two conditions: 1) walking with
the cup and ball, and 2) walking with the cup and ball plus the visual task. To align study
2 with study 1 and to understand how the addition of a visual task would affect intrinsic
walking dynamics, three normal walking trials, one at each of the speeds (0.6, 0.9, and 1.2
m/s) were added. To gradually increase manual task constraints, the cup and ball practice
and experimental trials were placed directly after the baseline walking conditions.
Participants performed three cup and ball practice trials. During the experimental trials,
each gait speed was randomized and was performed a total of three times. To establish how
participants would perform the visual task without any manual task constraints, a walking
and visual task only condition was added for a total of three trials. These trials were
performed at preferred walking speed because pilot testing showed that speed did not affect
the number of visual stimuli accurately identified. The combined visual and manual task
was the last condition performed. Like the cup and ball condition, speed was randomized
and each one performed three times. Participants performed 27 trials in total, including the
manual task practice trials.

4.1.4 Changes to Dependent Variables
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In the original study design the position of the head in space was proposed as a
means of assessing how the head adapted to perform the manual and visual tasks. Because
the position of the head relative to the trunk provides more context about the behavior of
the head relative to task performance, the head pitch angle (sagittal plane motion of the
head) and pitch angle range of motion were used to assess how the behavior of the head
movement was affected by competing manual and visual task demands.

96

CHAPTER V
OBJECT TRANSPORT AND THE MAINTENANCE OF INTRINSIC GAIT
DYNAMICS

5.1 Abstract
Object transport is an activity of daily living that constrains the natural motion of
the arms during locomotion. Because the arms play an important role in the emergence of
the locomotor system’s intrinsic coordination dynamics, constraining them may alter the
naturally occurring relationships found in gait. The purpose of this experiment was to
establish the coordinative patterns that emerge as a function of gradually increasing the
manual task demands at different gait speeds and how these patterns interact with the
intrinsic dynamics of walking. The manual task consisted of participants walking while
holding a cup with a ball on top of it. The goal was to keep the ball inside a circular target
zone. Twenty young healthy individuals walked on a treadmill at six speeds, ranging from
0.4 - 1.4 m/s in 0.2 m/s increments, under three different task constraints: normal walking,
walking with the cup alone (Cup), and walking with the cup and ball (Cup-Ball).
Continuous relative phase (CRP) and the relative power index (RPI) were used to assess
the coordinative adaptations between the pelvis and thorax and the arms and legs,
respectively. To understand how the manual task affected movement patterns of the arms,
the range of motion was calculated. Manual task performance was quantified by the amount
of time, as a percentage of the entire trial length, participants were able to maintain the ball
inside the circle. The results of the study showed that pelvis-thorax coordination was less
out-of-phase in the Cup-Ball condition at faster speeds compared to walking only and Cup
conditions. The RPI analysis showed that the constrained arm in Cup-Ball condition
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maintained a 2:1 arm-leg coordination while the Walking and Cup conditions were 1:1.
The unconstrained arm maintained a 1:1 coordination across all speeds. The range of
motion of the constrained arm decreased in both the Cup and Cup-Ball conditions
compared to regular walking. While on the unconstrained side the range of motion in the
Cup and Cup-Ball conditions were larger compared to normal walking as gait speed
increased. There was no effect of speed on manual task performance, but a regression
analysis between the unconstrained arm swing range of motion and manual task
performance showed that individuals who reduced the amplitude of the free arm swing had
better task performance as gait speed increased. These results demonstrate that constraining
the arms altered the intrinsic dynamics of the pelvis-thorax and arm-leg coordination.
Although the pelvis-thorax coordination was less out-of-phase in the Cup-Ball condition,
the adaptations made by the unconstrained arm suggests the body’s segments that were not
directly constrained by the task were interacting in such a way to maintain intrinsic gait
dynamics to persist. With the addition of the manual task we can conclude that the body is
able to exploit the changes in dynamics in a functional manner to support manual task
performance.

5.2 Introduction
In healthy unconstrained walking, the intrinsic dynamics of the locomotor system,
or the natural coordination tendencies, have been established by scaling of gait speed
(Scholz & Kelso, 1990; Wagenaar & Beek, 1992; Zanone & Kelso, 1992; Kelso, 1995;
Van Emmerik & Wagenaar, 1996; Donker, Beek et al., 2001). These studies showed that
the frequency characteristics of the limbs in coordination and speed of movement are
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important for the organization and control of action (Kelso, 1984; Haken, Kelso et al.,
1985). Walking is a whole-body activity requiring the coordination of limbs with different
natural frequencies. Work done in bi-manual coordination and in walking has shown that
the intrinsic frequency of each limb (resonance) acts as a constraint on interlimb
coordination (Treffner & Turvey, 1993; Turvey & Carello, 1996; Wagenaar & Van
Emmerik, 2000). Mathematical modeling (e.g., Arnold tongues, sin circle maps) has
revealed a number of intrinsically stable frequency ratios that are easy for the body to
maintain (1:1, 2:1, 3:2, etc.). When movement speed increases, higher multifrequency
couplings (e.g., 3/2 is higher than 2:1) become unstable and more difficult to maintain. As
a result, a phase transition occurs to a lower frequency ratio that is more stable (2:1 would
transition to a 1:1) (Treffner & Turvey, 1993; Peper, Beek et al., 1995; Peper, Beek et al.,
1995). In walking arm-leg coordination has been shown to display similar behavior.
Because arm-leg coordination plays an important role in the maintenance of gait stability,
understanding their frequency characteristics will provide insights into how intrinsic gait
dynamics emerge and adapt to task constraints (Kugler & Turvey, 1987; Wagenaar & Van
Emmerik, 2000).
During walking the dynamics of the arms are influenced by transverse rotation of
the thorax at stride frequency, and by flexion-extension movements in the sagittal plane at
step frequency. At slow gait speeds, below 0.75 m/s, arm-leg coordination is 2:1 (the arms
move in-phase together and oscillate twice per stride cycle) because the step frequency is
the main driver of arm swing at the shoulder joint. As a result, pelvis-thorax coordination
is in-phase (Wagenaar & Beek, 1992; Kubo, Wagenaar et al., 2004). As gait speed
increases so does the rotation of the pelvis in the transverse plane, gradually shifting the
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pelvis-thorax coordination to anti-phase (Van Emmerik, McDermott et al., 2005; Bruijn,
Meijer et al., 2008; Baird, 2012). The pelvis-thorax transition to anti-phase coordination is
facilitated by a change in the arm-leg interaction. To allow the increased motion of the
pelvis, the transverse thorax amplitude must be suppressed, and this is facilitated by a
transition of the arms to a 1:1 coordination pattern with the legs where the arms reciprocally
oscillate with the contralateral side. The transition from the 2:1 to the 1:1 is related to an
increase in the horizontal acceleration acting at the shoulders (Kubo, Wagenaar et al., 2004;
Kubo, Holt et al., 2006). Work done on the contribution of the arms to the intrinsic
dynamics of gait has shown that the transition from a 2:1 to a 1:1 is not always symmetrical.
Some people undergo a transition from 2:1 to 1:1 on one side of the body while the opposite
side remains in a 2:1 regime (Wagenaar & Van Emmerik, 2000; Donker, Beek et al., 2001;
Kubo, Wagenaar et al., 2004). The existence of the natural asymmetry in the transition
between stable modes of arm-leg coordination highlights their multi-stable nature. When
the arms are constrained the body adapts, but the system’s intrinsic dynamics continue to
influence how it operates (Scholz & Kelso, 1990).
Prior research on the contribution of the arms to intrinsic gait dynamics has been
conducted using mechanical constraints such as braces. The results demonstrate that when
one or both arms are constrained, pelvis-thorax coordination is in-phase (Ford, Wagenaar
et al., 2007; Baird, 2012). Mechanically constraining a single arm creates an asymmetry
between the two sides of the body. To quantify how the asymmetry may have affected armleg coordination, Ford and colleagues (2007) calculated the relative power index (RPI).
The RPI is a ratio between ±1 that represents the coordination mode between the arms and
legs. When the ratio is larger than zero arm-leg coordination is attracted toward a 1:1
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coordination mode, an RPI of 1 is a ‘pure’ 1:1 phase locking. An RPI of -1 would be a
‘pure’ 2:1 coordination. Ford and colleagues (2007) reported that at speeds below 0.63 m/s
the unconstrained arm was mostly in a 2:1 regime and became 1:1 as speed increased. The
constrained arm across most speeds (0.22 – 0.85 m/s) was predominately in a 2:1 regime.
Within the definitions of the RPI zero represents a transition point, or the use of a mixed
regime where arm-leg coordination is continuously changing between a 2:1 or a 1:1
coordination. The asymmetry between the arms and legs as a function of constraint is
important because it highlights the multi-stable nature of the locomotor system (Wagenaar
& van Emmerik, 1994; Wagenaar & Van Emmerik, 2000). Although multiple stable gait
patterns can exist simultaneously, their functional significance within the context of an
ecological task remains largely unknown.
The purpose of the current study was to understand how intrinsic gait dynamics
adapt to support object transport during gait. The aims of the study were 1) to establish
how coordination dynamics were affected when manual task constraints were imposed on
the system, 2) to establish the effect of gait speed on coordination dynamics when
performing a manual task, and 3) to determine the relationship between the amplitude of
the unconstrained arm swing and manual task performance. To address our aims a complex
object was created by placing a lid on top of a cup. On the lid there was a circular area, and
the task was to keep a ball inside this target area (Figure 5.1). Participants performed three
task conditions: normal walking, walking with only the cup (Cup), and walking with the
cup-ball system (Cup-Ball). Continuous relative phase (CRP) and the RPI were used to
assess coordination between pelvis-thorax and arm-legs, respectively. The range of motion
of the arms was calculated to assess how arm swing was altered by manual task constraints.
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Manual task performance was assessed by calculating the amount of time participants spent
inside the circle over an entire trial (percent correct). To stabilize the arm performing the
manual task, we predicted that the pelvis and thorax would be more in-phase as gait speed
increases (hypothesis 1). The performance of a manual task asymmetrically constrains the
motion of the arms, therefore we hypothesized that as gait speed increases arm-leg
coordination for the constrained arm would maintain a 2:1 relationship and the
unconstrained arm would transition from a 2:1 to 1:1 arm-leg coordination (hypothesis 2).
During walking arm swing is important for counteracting the angular momentum generated
by the legs. In the control of a complex, object excessive arm swing may be disruptive to
manual task performance. Therefore, we hypothesized that arm swing would decrease
when performing the manual task compared to walking with the cup alone (hypothesis 3).
We further hypothesized that there would be an inverse relationship between amplitude of
the unconstrained arm swing and manual task performance. A reduction in the
unconstrained arm’s amplitude would lead to better manual task performance (hypothesis
4).

5.3 Methods
5.3.1 Participants
For the current study twenty participants were recruited from the University of
Massachusetts Amherst campus population (Table 5.1). Everyone who participated was
free of any physical impairments or neurological disorders that affected their ability to walk
or manipulate objects with their hands.
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Table 5.1. Participant characteristics (mean ± standard deviation)
Dom
Age

Height (cm)

Weight (kg)

Hand

preferred speed (m/s)

Female

n=10

21.4± 1.43

165.86 ± 4.14

62.45 ± 14.2

R= 9 L=1

1.15 ± 0.13

Male

n=10

22.8 ± 4.39

178.23 ± 10.55

83.23 ± 7.54

R= 9 L=1

1.14 ± 0.11

5.3.2 Procedures
Before being prepared for data collection all participants signed a health
questionnaire and an informed consent document approved by the university’s institutional
review board. Once this step was completed participants were outfitted with retroreflective
markers (Figure 5.2) and their preferred walking speed was recorded. To establish
preferred walking speed participants verbally instructed the experimenter to increase or
decrease the treadmill belt speed. Once the participant established a comfortable walking
speed, the experimenter stopped the treadmill for a minute. The experimenter then
conducted two confirmation trials in which the treadmill belt speed was set to ±0.5 m/s
different from the indicated preferred walking speed. In one of the trials the participant had
to verbally instruct the experimenter to decrease the belt speed and in the other to increase
speed. A difference of ±0.1 m/s error was accepted. In the instances in which the participant
could not identify the treadmill belt speed within the accepted error, these procedures were
repeated (Holt, Hamill et al., 1991). The experiment began once preferred walking speed
was established.
The study design was a within subject, blocked design. All participants received
the following three conditions in order: 1) regular walking without any manual task
constraint (Walking condition), 2) walking with a cup in their dominant hand (Cup), and
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3) walking with a cup in their dominant hand with a ball placed on top (Cup-Ball). In the
Cup condition participants were instructed to hold the cup as if they were walking down a
hallway or in between rooms at home (an elbow angle of approximately 90O). The ball-cup
system was meant to model the complex nature of a cup of water (the caveat being that the
cup was empty and therefore was lacking the fluid dynamics a real cup would have) (Figure
5.1). Prior to beginning the Cup-Ball condition, participants were instructed to keep the
ball inside the circle in the middle of the cup, while doing whatever they needed to do to
keep walking. Once the instructions were given the participant was given three practice
trials, each lasting 45 seconds at the preferred walking speed they had established at the
beginning of the study.

Figure 5.1 Manual Task Description. To simulate carrying a
glass of water (left) a flat lid with a target was placed on top of
the cup (target surface; right). In the conceptual task the red
ring was equal in circumference to the cup being held by the
participant. The ball placed on top of the target surface
represented fluid in the cup.

In each condition participants walked at six different speeds ranging from 0.4 m/s
to 1.4 m/s in 0.2 m/s increments in random order. In the Walking and Cup conditions each
speed was performed twice, yielding 12 trials per condition. In the Cup-Ball condition each
speed was performed three times, yielding 18 trials. Across all three conditions participants
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performed a total of 42 trials, each one 45 seconds in duration. In between conditions
participants were given two minutes of rest.

5.3.3 Data Collection and Processing
To understand how the body’s degrees of freedom adapt to changing task
constraints, 3D kinematic data was collected using 10 Motion Analysis cameras (Motion
Analysis, Santa Rosa, CA) at a capture frequency of 120 Hz. Retro-reflective markers were
used to define a full body kinematic model (Figure 5.2). Retroreflective markers were also
placed on the corners of the cup’s target space to capture its 3D motion. To assess manual
task performance, a standard 16 mm glass marble was covered in retroreflective material
to track its motion. Initial post processing was done in the Cortex software (Motion
Analysis, Santa Rosa, CA). Files were then exported to Visual 3D (C-Motion,
Germantown, MD, U.S.A) for further modeling. In Visual 3D the markers were filtered
using a 2nd order, lowpass filter, with a 4 Hz cutoff frequency. Angles for all segments,
except for the pelvis, were calculated using an XYZ rotation (flexion-extension/ abductionadduction/ internal external rotation). Pelvis angles were calculated using ZYX (rotation,
obliquity, tilt) (Baker, 2001).
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Figure 5.2 Experimental Marker Setup. A full body retro-reflective marker setup
was used to record the body’s adaptive behavior. The thorax was defined by markers
on the acromioclavicular joints and the iliac crests. The pelvis was defined by markers
on the iliac crests and anterior superior iliac spines. Bi-laterally the shoulder joints
were defined by the greater and lesser tubercle of the humerus and lateral aspect of
shoulder. The thigh was bilaterally defined by markers on the greater trochanter,
medial and lateral epicondyles of the femur. The lower leg was defined bi-laterally by
the medial and lateral epicondyles of the femur and the medial and lateral malleoli of
the ankle. The feet were bi-laterally defined by markers on the big toe, first, second,
and fifth metatarsal head, and calcaneus. A crown of markers was used to define the
head position (2 markers on the frontal bones can be seen on the left and 2 on the
occipital bones can be seen on the right). The target surface was defined by a marker
on each of its corners. The red circle in the middle of the target surface defined the rim
of the cup. The ball was covered in retroreflective tape to allow for 3D recording.

All dependent variables were computed using custom software in MATLAB
(Mathworks, Natick, MA, U.S.A). The orientation of the lab’s coordinate system followed
a right-hand coordinate system, such that the medial-lateral direction corresponds with the
X-axis and anterior-posterior motion is along the Y- axis.
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5.3.4 Dependent Variables
5.3.4.1 Continuous Relative Phase
The continuous relative phase (CRP) was calculated using the Hilbert Transform
(eq. 5.0) (Lamb & Stöckl, 2014). The Hilbert Transform (HT) is ideal for the calculation
of CRP because it does not make any assumptions about the nature of the input signal and
does not require the normalization of position and velocity for reconstruction of the state
space (Van Emmerik, Miller et al., 2018). For each trial, pelvis and thorax data were
subdivided by strides (a stride cycle is defined from right heel strike to right heel strike)
and the time normalized to 100 data points. A time normalized stride, x(t), is first
transformed into a complex signal (eq 5.0) where H(t) is the Hilbert Transform:

𝜉𝜉(𝑡𝑡) = 𝑥𝑥(𝑡𝑡) + 𝑖𝑖𝑖𝑖(𝑡𝑡)

5.0

The phase angle of an individual signal (eq 5.1) is then calculated using the
Hilbert Transform H(t) as the imaginary part, where t is time:
𝐻𝐻(𝑡𝑡 )

5.1

Φ(𝑡𝑡𝑖𝑖 ) = arctan( 𝑥𝑥(𝑡𝑡 𝑖𝑖) )
𝑖𝑖

The continuous relative phase (eq 5.2) between the pelvis (H1(ti)) and thorax
(H2(ti)) for a single stride is:
𝐻𝐻 (𝑡𝑡 )𝑋𝑋 (𝑡𝑡 )−𝐻𝐻 (𝑡𝑡 )𝑋𝑋 (𝑡𝑡 )

CRP(𝑡𝑡𝑖𝑖 ) = 𝜙𝜙1 (𝑡𝑡𝑖𝑖 ) − 𝜙𝜙2 (𝑡𝑡𝑖𝑖 ) = arctan(𝑋𝑋1(𝑡𝑡 𝑖𝑖)𝑋𝑋2(𝑡𝑡 𝑖𝑖)+𝐻𝐻2(𝑡𝑡 𝑖𝑖)𝐻𝐻1(𝑡𝑡𝑖𝑖 ) )
1

𝑖𝑖

2

𝑖𝑖

1

𝑖𝑖

2

5.2

𝑖𝑖

The CRP and CRP variability between strides were calculated as the mean and
standard deviation across all 100 points, respectively. In total twenty strides were analyzed
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from each trial. Each variable was then averaged across the twenty cycles to generate a trial
mean.

5.3.4.2 Relative Power Index
To understand how arm-leg coordination adapted under the manual task
constraints, the relative power index (RPI) was calculated (eq 5.3; Ford et al., 2007). The
RPI is a ratio that takes into consideration amplitude of the power spectrum of the sagittal
plane shoulder angle at stride (P1) and step (P2) frequency. To identify stride and step
frequency a Fast Fourier Transform was performed on the sagittal plane angles of the right
hip. Stride and step frequency were defined as the two largest peaks in the hip time series,
stride being a lower frequency than step.
𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑃𝑃1 − 𝑃𝑃2
𝑃𝑃1 + 𝑃𝑃2

5.3

5.3.4.3 Arm Range of Motion
To identify the sagittal plane range of motion of each arm, the maxima and minima
were identified in the shoulder angle, generating two new time series. Next a difference
between the maxima and minima time series was taken. The range of motion was then the
average difference across an entire trial.

5.3.4.4 Manual Task Performance
Manual task performance was assessed by identifying the percentage of time the
ball spent inside the circular target on the cup (Figure 5.1). To do so a vector magnitude
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was calculated between the ball’s position and the center of the circle for every time point.
When the vector magnitude was less than or equal to the radius of the circle, the ball was
considered “in” and was assigned a value of one. When the vector magnitude was larger
than the circle’s radius, it was considered “out” and scored as a value of zero. For each trial
the ones were summed, divided by the length of the trial and multiplied by 100 to obtain
the percentage of time spent in the target space.

5.3.5 Statistical Analysis
All statistical analyses were conducted in SPSS Statistics Software. A 2-way
repeated measures ANOVA was used to test the effects of Condition (Walking, Cup, CupBall) and Speed (0.4, 0.6, 0.8, 1.0, 1.2, and 1.4 m/s) on CRP, RPI, and arm swing range of
motion. A 1-way repeated measures ANOVA was used to test the effect of speed on task
performance in the Cup-Ball task. Partial eta square (𝜂𝜂2 ) approximates the effect size in a
factorial design ANOVA. The size of the effects were defined as small (𝜂𝜂2 = 0.01),

medium (𝜂𝜂2 = 0.06), and large (𝜂𝜂2 = 0.14) (Cohen, 1988).
5.4 Results
5.4.1 Pelvis-Thorax Coordination

There was a significant Condition by Speed interaction (F4.50,85.53 = 2.71, p= 0.030,
𝜂𝜂2 = .125) on pelvis-thorax coordination in the transverse plane (Figure 5.3 left panel;
Appendix 5.1). The Cup-Ball condition was more in-phase at the two faster speeds

compared to the Walking and Cup conditions. Across all speeds, relative phase became
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more anti-phase resulting in a significant main effect of Speed (F2.28,43.32 = 2.80, p < 0.001,
𝜂𝜂2 = 0.81). There was no main effect of Condition (F1.33,25.33 = 2.79, p = 0.90, 𝜂𝜂2 = .128).
5.4.2 Pelvis-Thorax Coordination Variability
A main effect for Speed (F1.64, 31.18 = 2.80, p < 0.001, 𝜂𝜂2 = 0.51) showed that

coordinative variability between the thorax and pelvis increased (Figure 5.3, right panel;

Appendix 5.2). There was a significant main effect of Condition (F2, 31.01 = 3.83, p = 0.03,
𝜂𝜂2 = .17), showing that Walking was significantly less variable when compared to the Cup
(p = 0.008) and Cup-Ball (p = 0.048) conditions. There was no significant interaction
between Condition and Speed (F4.1, 77.72 = 1.34, p= 0.26, 𝜂𝜂2 = .06)

Figure 5.3 Pelvis-Thorax CRP and CRP Variability. Transverse plane pelvisthorax coordination (left) and coordinative variability (right) as a function of gait
speed and walking condition. Data present mean ±Standard Error (SE).
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5.4.3 Relative Power Index
The RPI analysis between the shoulder angle of the constrained arm and the right
hip angle produced a significant Condition by Speed interaction (F5.91,112.21.14 = 5.12, p <
0.001, 𝜂𝜂2 = 0.21) (Figure 5.4; left panel; Appendix 5.3). This interaction indicates that the

strength of the 1:1 arm-leg coupling increased with speed for the Walking condition, but
not for the Cup and Cup-Ball conditions. Individual comparisons for the main effect of
Speed (F7.38, 18.92 = 7.41, p < 0.001, 𝜂𝜂2 = 0.28) confirmed this. In the Walking condition,
pairwise comparisons between 0.6 - 1.0 m/s were significantly different from each other (p

< 0.001). There were no pairwise differences between speeds for the Cup condition nor the
Cup-Ball. The main effect of Condition (F1.84, 34.9 = 45.52, p < 0.001, 𝜂𝜂2 = 0.71) indicated

an overall greater 1:1 coupling in the Walking only condition, a weaker 1:1 coupling in the
Cup condition, and emergence of (weaker) 1:2 coupling in the Cup-Ball condition.
Individual pairwise comparisons for the Condition effect revealed that at 0.4 m/s speed
there were no differences between any of the conditions (Walking versus Cup: p = 1.0, Cup
versus Cup-Ball: p = 0.11). At 0.6 m/s the Walking condition began to differ from the CupBall condition (p = 0.001), but not from the Cup (p= 0.14); there was no difference between
the Cup and Cup-Ball (p = 0.18). From 0.8-1.4 m/s speed all three conditions were
significantly different from each other (each comparison yielded a p < 0.01).
In the unconstrained arm there was a significant main effect of Speed (F12.73, 22.15 =

10.92, p < 0.001, 𝜂𝜂2 = 0.37), but not Condition (F1.488, 28.27 = .45, p = 0.59, 𝜂𝜂2 = 0.02)
(Figure 5.4; right panel; Appendix 5.4). Post hoc testing for the effect of Speed showed
that RPI was significantly larger in the 0.8 - 1.2 m/s range when compared to the 0.4 m/s
and 0.6 m/s conditions (each comparison yielded a p < 0.01). Between 0.8 - 1.2 m/s there
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were no significant differences among the speeds. There was no significant interaction
between Condition and Speed (F 0.66, 10.64= 1.18, p = 0.31, 𝜂𝜂2 = .058)

Figure 5.4 Arm-Leg Relative Power Index. Relative Power index of the constrained
(left) and unconstrained arm (right) as a function of gait speed and walking condition.
Data present mean ±Standard Error (SE).
5.4.4 Arm Amplitude
For the constrained arm there was a significant Condition by Speed interaction
(F3.05, 57.88 = 51.94, p < 0.001, 𝜂𝜂2 = .73) (Figure 5.5: Appendix 5.4). When comparing the

Walking condition to the Cup and Cup-Ball conditions, there was a clear reduction in arm
swing amplitude when the arm is constrained. The large difference as a function of task
constraint led to a significant Condition effect (F1.12, 21.25 = 41.42, p < 0.001, 𝜂𝜂2 = .69), all
of which were a function of the Walking condition. This was confirmed by pairwise

comparisons (p < 0.001), that produced no differences between the Cup and Cup-Ball
condition (p = 0.5). The increase in arm swing amplitude with speed in the Walking
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condition also resulted in an overall main effect of Speed (F1.83,

34.80

= 111.536, p <

0.001, 𝜂𝜂2 = 0.85).

In the unconstrained arm there was a significant Condition by Speed interaction

(F2.87, 54.49 = 3.39, p < 0.026, effect size= .152) resulting in a larger amplitude at higher
speeds when walking with the cup only. As can be seen in Figure 5.5 (right panel; Appendix
5.5), with an increase in speed, the amplitude of the free arm increases. There was no
significant main effect of Condition (F1.14, 21.57 = 1.09, p = 0.32, 𝜂𝜂2 = 0.055). A pairwise

comparison between the Cup and Walking at the 1.4 m/s confirmed the arm swing in the
Cup condition was larger (p= 0.021). Across all three conditions arm swing amplitude
increased, resulting in a main effect of Speed (F1.74, 21.25 = 41.42, p < 0.001, 𝜂𝜂2 = 0.686).

Figure 5.5 Arm Range of Motion. Arm swing amplitude for the constrained
(left) and unconstrained (right) arms as a function of gait speed and walking
condition. Data present mean ±Standard Error (SE).
5.4.5 Manual Task Performance
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There was no significant effect of Speed (F5, 114 = .60, p = .70) on task performance
(Table 5.2; Appendix 5.6).

Table 5.2. Manual task performance mean (% correct), standard deviation, standard
error, and 95 % confidence interval

5.4.6 Arm Swing-Manual Task Performance Relationship
The analysis between the amplitude of the free arm and manual task performance
revealed that a relationship between the two variables begins to emerge as speed increases
such that at the two fastest speeds (1.2-1.4 m/s) there is a significant negative correlation
between the two variables (1.2 m/s: r2= 0.41 p= 0.002, 1.4 m/s: r2= 0.58, p < 0.001) (Figure
5.6).
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Figure 5.6 Regression Analysis of The Unconstrained Arm’s Range of Motion
(Rom) and the % Correct of Task Performance. To ensure the range of motion and
the task performance measure were in the same units, the free arm range of motion is
expressed as a function of the largest range of motion among all the participants.
5.5 Discussion
The purpose of the current study was to understand how intrinsic gait dynamics
adapt to support object transport during gait. This study sought to establish how
coordination dynamics were affected when manual task constraints were imposed on the
system and how those dynamics are affected by speed. As predicted in hypothesis 1, pelvisthorax coordination remained more in-phase as gait speed increased when performing a
manual task. The results of the RPI analysis confirmed our 2nd hypothesis that manual task
performance created an asymmetrical constraint that led the constrained arm to maintain a
2:1 coordination while the unconstrained arm transitioned from a 2:1 to 1:1 arm-leg
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coordination as gait speed increased. On the constrained side, a Condition by Speed
interaction revealed that arm swing increased with speed for normal walking, but not in the
Cup and Cup-Ball conditions. For the unconstrained arm there was a significant Condition
by Speed interaction, showing that the amplitude of the Cup condition was larger compared
to the normal walking condition at the faster speeds. Therefore hypothesis 3 was only
partially supported. The final aim of our study sought to determine the relationship between
the amplitude of the unconstrained arm and the manual task performance. Results of a
regression analysis of the unconstrained arm swing range of motion against the percent
correct confirmed our hypothesis that there is an inverse relationship between the two
variables, but this only emerged at higher walking speeds (hypothesis 4).

5.5.1 Pelvis-Thorax Coordination

The significant Condition by Speed interaction showed that the pelvis-thorax
coordination was more in-phase in the Cup-Ball condition compared to normal walking
and the Cup condition at faster speeds. This result is of significance because it is in line
with previous work that has examined the effects of ecological task constraints on pelvisthorax coordination. For example, carrying a rifle while walking represents another form
of an ecological constraint on arm motion. Seay and colleagues (2011) reported when
individuals walked while holding a rifle in front of them transverse plane pelvis-thorax
coordination became more in-phase (Seay, Hasselquist et al., 2011). It is important to
highlight that the nature of the objects and the tasks used in the work here and that of Seay
and colleagues (2011) were very different yet produced a similar pelvis-thorax
coordination. Previous studies that have mechanically constrained the arms using slings
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and braces have also reported similar findings (Baird, 2012; Ford et al., 2007). Within the
context of existing literature on the contribution of the arms to the maintenance of intrinsic
gait dynamics, our results suggest any constraint placed on the arm(s) that alter their
interaction with the rest of the body’s segments will lead to a more in-phase pelvis-thorax
coordination. From a biomechanical perspective arm swing is important for suppressing
transverse thorax rotation as gait speed increases (Kubo, Holt et al., 2006). From previous
work it is unclear what a more in-phase pelvis-thorax coordination means for functional
task performance. Within the context of the current study, a more in-phase coordination
does not have an effect on manual task performance. This may be largely due to adaptations
that occurred at different levels of the system.

5.5.2 Dynamics of the Constrained Side

The reduction of the arm’s range of motion in the Cup condition confirms that the
participants followed task instructions. An interesting finding was the reduction of arm
swing range of motion in the Cup condition reduced the strength of the 1:1 coupling but
left the pelvis-thorax coordination unchanged. This finding is of significance because it
highlights the system’s ability to adapt and maintain stable gait dynamics when there is an
asymmetry in the range of motion between the constrained and unconstrained side.
In the Cup-Ball condition the reduction in the arm range of motion was
accompanied by changes in pelvis-thorax and arm-leg coordination. The results of the RPI
for the Cup-Ball condition showed that arm-leg coordination was consistently 2:1 across
gait speeds. Our results are in line with those reported by Ford and colleagues (2007) who
constrained a single arm with the use of a sling. The authors showed that under mechanical
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constraints the coordination of the constrained arm maintained a 2:1 arm-leg coordination
as gait speed increased. The transition from a 2:1 to 1:1 arm-leg coordination has been
shown to occur at different gait speeds for both sides of the body, suggesting that the
asymmetry that is observed when arm swing is constrained by a manual task constraint is
an expression of the system’s intrinsic dynamics (Kubo et al., 2004; Wagenaar and Van
Emmerik, 2000; Donker et al., 2001). From a biomechanical perspective, the transition
from a 2:1 to 1:1 arm-leg coordination is functionally linked to the pelvis-thorax
coordination. Below 0.75 m/s pelvis-thorax coordination is mostly in-phase and the arms
are attracted to the step frequency, resulting in a 2:1 coordination (two arm swings per
stride) (Wagenaar and Beek, 1992, Kubo et al, 2006). As gait speed increases thorax-pelvis
coordination transitions to anti-phase. The shift from a 2:1 to 1:1 arm-leg coordination
helps suppress transverse thorax rotation and increase thorax stiffness. Thereby enabling
an increase in transverse pelvic rotation and arm swing amplitude (Kubo, Wagenaar et al.,
2004; Kubo, Holt et al., 2006). Taking the Cup-Ball range of motion results with the RPI
analysis of the constrained arm together with the pelvis-thorax CRP results suggests that
the lack of arm swing on the constrained side leads the thorax to become more tightly
coupled to the motion of the pelvis. This results in the step frequency becoming the
dominant source of shoulder acceleration on the constrained side. Although this adaptation
may stem from alterations to the biomechanical properties of the system, the maintenance
of the manual task performance at faster speeds suggests that the body is exploiting the 2:1
coordination in a functional manner.
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Work on the intrinsic dynamics of manual-locomotor coupling shows that the
hands, when given no specific instruction to how they should couple to the feet when asked
to clap, naturally become coupled with gait events (Muzii, Warburg et al., 1984; Whitall
& Getchell, 1996). The functional role of this coupling can be seen when we carry a glass
of water with no lid. Gysin and colleagues (2003), showed that peak grip force applied to
an open container filled with water, while walking, is synchronized with heel strike. This
finding suggests that people attempt to dampen out the forces that may lead to a spill
(Gysin, Kaminski et al., 2003). Because the 2:1 arm-leg coordination is coupled to the step
frequency, we can suggest this adaptation is functional because it allows the body to be
tuned to the impact forces of the gait cycle.

5.5.3 Dynamics of the Unconstrained Side

The unconstrained arm maintained a 1:1 coordination with the legs across all gait
speeds representing a preservation of the system’s intrinsic dynamics. The maintenance of
this relationship is important for the regulation of angular momentum between the upper
and lower body while walking. Whole-body angular momentum has been associated with
gait stability because it is conserved during normal walking. Work done to understand the
contribution of the limb segments to whole-body angular momentum has shown that
segmental angular momentum is large, suggesting there is a segment-to-segment
cancellation (Elftman, 1939; Popovic, Hofmann et al., 2004; Herr & Popovic, 2008). When
both arms are mechanically constrained, the whole-body angular momentum increases as
a function of a larger contribution from the legs (Baird, 2012). The analysis of the
unconstrained arm showed that the range of motion was larger in the Cup and Cup-Ball
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conditions compared to normal walking. This finding was in line with those reported by
Ford and colleagues (2007) who found the amplitude of the free arm motion increased
when the opposite side was constrained by a sling. When considering the range of motion
results with the RPI analysis of the unconstrained arm we can suggest that the intrinsic
arm-leg coordination is working to maintain a balance in the production of angular moment
between the upper and lower body.

5.5.4 Manual Task Performance and its Relation to Arm Swing

The amplitude of the unconstrained arm increased with gait speed, while manual
task performance was maintained in the Cup-Ball condition. The analysis between the
amplitude of the free arm and manual task performance revealed that a relationship
between the two variables begins to emerge as speed increases such that at the two fastest
speeds (1.2-1.4 m/s) there is a significant negative correlation between the two variables
(1.2 m/s: r2= 0.41 p= 0.002; 1.4 m/s: r2= 0.58, p < 0.001). This negative correlation indicates
that the individuals who have a smaller degree of arm swing performed better than those
who allow larger excursions in the unconstrained arm. The regression analysis highlights
a potential tradeoff between needing to use the arms to generate torque on the upper body
to balance the angular momentum being produced by the legs and the need to satisfy task
constraints. For young healthy individuals an imbalance in the contribution between the
upper and lower body to whole-body angular momentum may not be a direct threat to gait
stability. However, for older individuals this may pose a risk for loss of stability and
potential for falling.
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5.5.5 Conclusion

The purpose of the current study was to understand how intrinsic gait dynamics
adapt to support object transport during gait. Of key interest was to assess how the
performance of a manual task would influence the pelvis-thorax and arm-leg coordinative
relationships. The results of this study showed that the body’s intrinsic dynamics adapted
to support manual task performance but continued to influence how the system operated.
Constraining the arms with an ecological manual task altered the arm-leg coordination and
led to asymmetric adaptations between the constrained and unconstrained sides. On the
constrained side the addition of the manual constraint of holding a cup and of performing
the manual task decreased the range of motion of the arm along with the strength of the 1:1
arm-leg coordination. Despite a decrease in the 1:1 coupling, pelvis-thorax coordination
was not affected. However, the addition of the manual task led the constrained side to
assume a 2:1 relationship with the legs. The range of motion of the unconstrained arm
increased with the addition of a manual constraint, but consistently maintained a 1:1
relationship across all gait speeds. The argument can be made that the observed adaptions
emerge in large part as a function of constraints placed on the natural biomechanical
interactions between the segments of the body. The results of this study are significant
because they demonstrate the body’s ability to functionally exploit the changes to the
intrinsic dynamics to support manual task performance. Furthermore, the results of the
regression analysis between the amplitude of the unconstrained arm swing and task
performance suggest that some people may tradeoff between balancing the forces being
produced by the legs to satisfy task constraints. The results of this study will have
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implications for individuals whose intrinsic gait dynamics are already altered due to aging
or disease.
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Appendix 5.1: Thorax-Pelvis Continuous Relative Phase mean
Table 5.A.1. Thorax-Pelvis Continuous Relative Phase (O) mean, standard deviation,
and 95 % confidence interval
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Appendix 5.2: Thorax-Pelvis Continuous Relative Phase Variability
Table 5.A.2. Thorax-Pelvis Continuous Relative Phase Variability (O) mean, standard
deviation, and 95 % confidence interval
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Appendix 5.3: Constrained Side Arm-Leg Relative Power Index

Table 5.A.3. Relative Power Index mean, standard deviation, and 95 % confidence
interval for the constrained side
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Appendix 5.4: Unconstrained Side Arm-Leg Relative Power Index

Table 5.A.4. Relative Power Index mean, standard deviation, and 95 %
confidence interval for the unconstrained side
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Appendix 5.5: Constrained Side Arm Swing Amplitude
Table 5.A.5. Arm swing amplitude mean (O), standard deviation, and 95 %
confidence interval for the constrained side
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Appendix 5.6: Unconstrained Side Arm Swing Amplitude
Table 5.A.6. Arm swing amplitude mean (O), standard deviation, and 95 %
confidence interval for the unconstrained side
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CHAPTER VI
COORDINATIVE ADAPTATIONS TO TASK PERFORMANCE DURING
OBJECT TRANSPORT WHILE WALKING

6.1 Abstract
Walking through a cluttered environment while carrying an object is a common
activity of daily living. Orienting to the layout of the environment is critical for prospective
control of locomotion and the object to be transported. The purpose of this study was to
understand how individuals altered their intrinsic gait dynamics and coordination
variability to support object transport while concurrently attending to visual information.
Twenty young healthy individuals walked at different speeds (0.6, 0.9 and 1.2 m/s) on a
treadmill and performed the following task conditions: normal walking, walking with an
object (Cup-Ball), and walking while carrying an object and attending to visual information
(Cup-Ball-Vis). The object transport task involved carrying a cup with a ball on top that
had to be kept within a circular target zone. The visual task involved identifying when a
Landolt “C” projected on a screen in front of the participant changed direction. Manual
task performance was quantified by amount of time, as a percentage of the entire trial
length, participants were able to maintain the ball inside the circle. Visual task performance
was assessed by quantifying the number of Landolt-C optotypes that were observed and
the amount of time it took to respond to their appearance. The head pitch angle and range
of motion were used to quantify changes in posture of the head relative to the trunk as a
function of task constraints. Coordination was assessed based on Continuous Relative
Phase analysis (CRP; pelvis-thorax) and frequency relations between arms and legs
(Relative Power Index; RPI), along with arm range of motion. The results showed that
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manual task performance decreased when walking while carrying an object and attending
to visual information. The head pitch angle was more extended and had a larger range of
motion in the Cup-Ball-Vis condition compared to Cup-Ball only. When comparing CupBall and Cup-Ball-Vis to normal walking, pelvis-thorax coordination was more in-phase
and more variable. The addition of a manual task reduced the range of motion of both arms.
In the unconstrained arm, the addition of the visual task lead to further reductions in arm
swing range of motion. The RPI analysis showed that when transporting an object, armleg coordination on the constrained side was 2:1 (two arm swings per stride) while the free
arm maintained a 1:1 coordination. Taken together, our results demonstrate the
reorganization of intrinsic gait dynamics during different object transport tasks and the
functionality of coordinative gait variability in maintaining manual task performance
during object transport.

6.2 Introduction
Walking with a full mug of coffee down a hallway or in between rooms at home is
a mundane task that presents many challenges to the control of movement. The mug-coffee
system represents a class of objects that are known as complex or underactuated (Hasson,
Shen et al., 2012; Sternad & Hasson, 2016). They are referred to as such because the
container has internal degrees of freedom that can move. Although controlling the liquid
inside the cup may be the objective of the task, the object that is being controlled directly
is the mug. Furthermore, fluid motion is non-linear, and an input to the system (e.g., force
applied to the cup) does not necessarily have a proportional effect, making it difficult to
predict what may occur in the future (Sternad & Hasson, 2016). The challenges presented
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to the transport of a complex object (the word transport in the context of this paper will
always suggest walking while holding a cup) are further complicated when the
environment is cluttered (e.g., other ambulating people, pets, furniture, etc.). To maintain
prospective control of the body’s degrees of freedom and those of the complex object, the
individual must be able to orient toward task relevant perceptual information. To do so
requires the individual be sensitive to the adaptive behaviors afforded to them within the
constraints of the task, environment, and of their own gait stability requirements (Gibson,
1966; Riccio & Stoffregen, 1988; Palmer, 2012). To fully appreciate how the body adapts
to the constraints in which it is operating requires an understanding of the system’s intrinsic
dynamics (Scholz & Kelso, 1990; Zanone & Kelso, 1992; Davids, Button et al., 2008);
In healthy unconstrained walking, the intrinsic dynamics of the locomotor system,
defined as the natural coordination tendencies of a minimally constrained system, have
been established by scaling of gait speed (Wagenaar & Beek, 1992; Kelso, 1995; Van
Emmerik & Wagenaar, 1996; Donker, Beek et al., 2001). Through these experiments
researchers have identified that the coordination between the pelvis and thorax plays a key
role in gait stability. For example, at walking speeds below 0.75 m/s pelvis and thorax
rotate about the transverse axis in-phase. As gait speed increases so does pelvic rotation,
and gradually the pelvis-thorax relationship becomes anti-phase (Van Emmerik &
Wagenaar, 1996; Van Emmerik, McDermott et al., 2005; Bruijn, Meijer et al., 2008). The
arms play an important role in the emergence of this behavior.
The thorax accelerates the arms about the shoulder joint in the transverse and
sagittal planes. Transverse plane shoulder accelerations correspond to the stride frequency,
while sagittal plane accelerations correspond with step frequency (Kubo, Wagenaar et al.,
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2004). At slow gait speeds step frequency dominates shoulder accelerations, and as a result
arm-leg coordination is 2:1 (two full arm swings per stride) (Wagenaar & Beek, 1992;
Kubo, Wagenaar et al., 2004). As gait speed increases, to allow for the increase in rotation
of the pelvis, the amplitude of axial thorax rotation decreases in amplitude and increases in
its frequency of oscillation. This allows the stiffness of the thorax to increase (Kubo, Holt
et al., 2006). To aide in the suppression of transverse thorax rotation, the arm-leg
coordination transitions from 2:1 to a 1:1 relationship, allowing the arms to increase torque
production in the sagittal plane (Kubo, Wagenaar et al., 2004; Kubo, Holt et al., 2006). The
transition from the 2:1 to 1:1 regime is not always a symmetrical event between the right
and left sides of the body. Cases have been reported where some individuals undergo a
transition from 2:1 to 1:1 on one side of the body while the opposite side remains in a 2:1
regime (Wagenaar & Van Emmerik, 2000; Donker, Beek et al., 2001; Kubo, Wagenaar et
al., 2004). The existence of the natural asymmetry in the transition between stable modes
of arm-leg coordination highlights intrinsic flexibility of the system to allow multiple stable
patterns to exist concurrently (i.e., multi-stability). When task constraints are imposed on
the locomotor system, the body adapts, but the system’s intrinsic dynamics continue to
influence how it operates (Scholz & Kelso, 1990).
In transporting a complex object, the arms play a central role, as one arm is carrying
the cup, while the unconstrained arm is free to swing. The asymmetrical constraint alters
arm-leg coordination and under these conditions the body has been shown to exhibit multistability. On the unconstrained side, arm-leg coordination maintains its intrinsic tendencies
and gradually transitions from 2:1 to 1:1 as gait speed increases. The constrained side
however, largely maintains a 2:1 coordination across all gait speeds (i.e., synchronized to
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step frequency) (Ford, Wagenaar et al., 2007). This is an example of a potentially
functional asymmetry that would allow manual task performance while maintaining
locomotor stability. For the unconstrained arm the task would be to aid in the maintenance
of intrinsic gait dynamics. Because arm swing amplitude increases with gait speed, the
individual will have to limit how much the range of motion increases to prevent it from
disrupting manual task performance (Ford, Wagenaar et al., 2007). For the arm carrying
the cup, the 2:1 would optimize perceptual tuning to the step frequency, potentially
allowing the body to brace itself during high impact phases to prevent spilling (Gysin,
Kaminski et al., 2003).
When the arms are constrained, the motion of thorax is altered (Jackson, Joseph et
al., 1983; Asai, Doi et al., 2013). For example, when transporting a tray while trying to
keep a ball placed on top of it from dropping to the ground, the magnitude of the linear
acceleration of the thorax decreased in the anterior-posterior and medial-lateral directions
(Asai, Doi et al., 2013). Work done to investigate the role of the arms in the maintenance
of gait stability has shown pelvis-thorax coordination is more in-phase as gait speed
increases when the arms are constrained through mechanical braces (Ford, Wagenaar et al.,
2007; Baird, 2012). Because our understanding of the contribution of the arms to intrinsic
locomotor dynamics has been investigated using mechanical constraints such as arm slings,
it is difficult to know how the use of the arms in object transport will impact pelvis-thorax
coordination.
The thorax also plays an important role in stabilizing the head for orienting
activities because it helps dissipate impact forces from reaching the head (Kavanagh,
Morrison et al., 2005; Kavanagh, Barrett et al., 2006). To stabilize gaze over a range of gait
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speeds, the head rotates opposite the direction of translation. For example, when the thorax
is translated vertically, the head rotates downward (i.e., pitch) about its medial-lateral axis.
The counter rotation of the head in pitch is important for bracing the head during heel
strike, while the yaw motion counters the transverse rotation of the thorax (Pozzo, Berthoz
et al., 1990; Hirasaki, Moore et al., 1999; Imai, Moore et al., 2001). The addition of visual
task constraints during walking has revealed that gaze stabilization is a whole-body action
that is achieved by the cooperativity of the body’s subsystems (Gibson, 1966; Pozzo,
Berthoz et al., 1990; Mulavara & Bloomberg, 2002; Bloomberg & Mulavara, 2003; Peters,
van Emmerik et al., 2006).
Head-thorax coordination occurs relative to gait cycle events. During high impact
phases of the gait cycle (heel strike and toe off), when the task is to focus on a centrally
fixed visual target in space, the body increases the moments acting on the head relative to
the thorax in all three axes (roll, pitch, yaw) to stabilize gaze on the target (Mulavara,
Verstraete et al., 2002). When a visual stimulus is presented off center from the direction
of travel, the phase of the gait cycle affects the head’s ability to reorient (Peters, van
Emmerik et al., 2006). Peters and colleagues (2006) reported peak head velocity was faster
when the appearance of the visual target coincided with the natural acceleration direction
of the body, suggesting the intrinsic dynamics of head-thorax coordination influence how
the body responds to visual information. This could have some bearing when transporting
a complex object, because it will require a continuous reorientation of the head to avoid
spilling.
In an ecological context, when transporting a fluid filled container, failing to
reorient the head properly between the manual task and the environment can result in
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injury. An activity where the tradeoff between manual task performance and visual
attention has been studied extensively is texting and walking. Texting while walking has
been shown to increase cognitive load and reduce situational awareness (Lamberg &
Muratori, 2012; Lim, Amado et al., 2015). Lim and co-workers (2015) showed a decrease
in visual task performance (number of stimuli identified) when walking and texting. Visual
task performance suffered primarily due to where in the visual field the information
appeared. When the stimuli were not centrally located, task performance decreased.
Regardless of visual acuity demands, when the stimuli were centrally located, visual task
performance was no different. Compared to normal texting and walking, manual task
performance decreased when a visual task was added, suggesting that the detection of
visual information may supersede manual task demands.
Transporting complex objects is a common activity of daily living that offers many
challenges to the system. To date it is unclear how the body organizes its degrees of
freedom when performing a concurrent visual and manual task while walking. Therefore,
the purpose of this study was to understand how individuals adapt to manually control a
complex object when asked to concurrently attend to visual information. Specifically, we
sought to understand how: 1) the performance of a concurrent visual and manual task
would interact with the system’s intrinsic coordinative dynamics; 2) head motion is altered
under different manual and visual task constraints; and 3) performing two concurrent tasks
would affect manual task performance. To address our goals a complex object was created
by placing a lid on top of a standard size cup (Figure 6.1). On top of the lid there was a
circular area, and participants were tasked keeping a ball inside the target area. Participants
performed four task conditions: normal walking, walking with the cup-ball system (Cup-
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Ball), walking while attending to visual information only (Visual) and walking with the
ball-cup system while attending to visual information (Cup-Ball-Vis). Manual task
performance was assessed by calculating the amount of time participants were able to keep
the ball inside the circle over an entire trial (percent correct). Visual task performance was
assessed by the number of correctly identified stimuli as well as reaction time. To assess
head motion, we calculated the average head pitch and head pitch range of motion.
Continuous Relative Phase (CRP), and the Relative Power Index (RPI; a ratio that takes
into consideration the power of the arms at stride and step frequency to assess whether
people are in a 1:1 or 2:1 coordination regime) were used to quantify coordination between
the pelvis-thorax, and arm-legs, respectively. Finally, the range of motion of the arms was
used to assess how manual and visual task constraints affected arm motion. Because vision
plays a major role in the guidance of gait, we hypothesized that manual task performance
would decrease when visual information was introduced (hypothesis 1). To be able to pick
up visual information and support manual task performance, the orientation of the head
will be more extended relative to the thorax in the Cup-Ball-Vis condition compared to the
Cup-Ball (hypothesis 2). To stabilize the head and the arm holding the object during the
performance of a concurrent visual and manual task, we further predicted people would
freeze their degrees of freedom, leading to a more in-phase pelvis-thorax and less variable
coordination (hypothesis 3). To help stabilize the upper body and manual task performance,
we predicted that the amplitude of both arms would decrease with the addition of a manual
task constraint (hypothesis 4). Because the manual task introduces an asymmetrical
constraint on the arms, we hypothesized that, as gait speed increases, arm-leg coordination
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for the constrained arm would maintain a 2:1 relationship and the unconstrained arm
transitions from a 2:1 to 1:1 arm-leg coordination (hypothesis 5).

6.3 Methods
6.3.1 Participants
Twenty participants were recruited from the University of Massachusetts Amherst
campus community (Table 6.1). All participants were free of any physical impairments or
neurological disorders that affected their ability to walk or manipulate objects with their
hands. Participants were allowed to wear vision correcting glasses or contacts throughout
the experiment.

Table 6.1. Participant characteristics (mean ± standard deviation)
Age
Height (cm)
Weight (kg)
Dom Hand preferred speed (m/s)

Female n=10

25± 4

169.15 ± 7

66.37 ± 10

R= 10 L= 0

1.2 ± 0.1

Male

26 ± 4

175.12 ± 11

78.34 ± 7.

R= 8 L=2

1.1 ± 0.2

n=10

6.3.2 Procedures
All participants prior to participating in the study signed a health questionnaire and
an informed consent approved by the university’s institutional review board. Upon
completing all paperwork, retroreflective markers were placed on the participant (Figure
6.2). Once all the markers were on the participant, their preferred walking speed was
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established. First the treadmill was set to an arbitrary speed. Participants then verbally
instructed by the experimenter to increase or decrease the treadmill belt speed until they
established a comfortable pace. Once the participant identified a comfortable walking
speed, the experimenter stopped the treadmill for a minute. The experimenter then
conducted two confirmation trials in which the treadmill belt speed was set to ±0.5 m/s
different from the indicated preferred walking speed. In one of the trials the participant had
to verbally instruct the experimenter to decrease the belt speed and in the other it had to
increase. A difference of ±0.1 m/s error was accepted. In the instances in which the
participant could not identify the treadmill belt speed within the accepted error, these
procedures were repeated (Holt, Hamill et al., 1991). The experiment began once preferred
walking speed was established.
The study design was a within subject, blocked design. All participants received
the following four conditions in order: 1) walking, 2) walking with a ball placed on top of
the cup (Cup-Ball), 3) walking while performing the visual task only (Visual), and 4)
walking with a ball placed on top of the cup while performing the visual task (Cup-BallVis). The appearance of the conditions in this order ensured that the task demand was
gradually increasing throughout the experiment. Furthermore, we wanted to ensure that
any adaptations that may have occurred to support manual task performance in the CupBall-Vis did not influence behavior in the Cup-Ball condition. The Visual condition was
used to set a baseline level of visual task performance when no other constraints were
involved. The ball-cup system was meant to model the complex nature of a cup of water
(the caveat being that the cup was empty and therefore was lacking the fluid dynamics a
real cup would have) (Figure 6.1). Prior to beginning the Cup-Ball condition participants
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were instructed to hold the cup as if they were walking down a hallway or in between
rooms at home (at an elbow angle of approximately 90O). Participants were asked to keep
the ball inside the circle in the middle of the cup, while doing whatever they needed to do
to keep walking. Once the instructions were given the participant was given three practice
trials, each lasting 45 seconds at the preferred walking speed established at the beginning
of the study.
During the Visual condition participants were instructed to verbally identify when
a Landolt C optotype opened to the left as fast as possible by saying the word “Go”. There
were a total of six presentations of the C, with each presentation lasting one second. The
stimuli were presented on a 17” wall mounted monitor 13 feet in front of the treadmill. The
size of the Landolt C optotype corresponded to a 4/20 optotype size on a logarithmic visual
acuity chart made for testing at 13 feet. Prior to the start of the trial the participant was
prepared with a countdown. After the countdown the screen would turn white until the left
opening C appeared on the screen. The timing of the appearance of the stimuli was
randomly set. There were at least three seconds in between the appearance of each stimulus,
but no more than twelve. The lower bound was set to keep the stimuli from appearing
rapidly in succession. The upper bound was set to keep the trial as close to 45 seconds as
possible. In the Cup-Ball-Vis condition the instructions were a combination of the CupBall and Visual conditions. That is, while holding the cup as if you were walking down a
hallway or in between rooms at home, do whatever you need do to keep the ball inside the
circle, while identifying when the C opens to the left as fast as possible by responding
verbally by saying the word “Go”.
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Figure 6.1 Manual Task Description. To simulate carrying a
glass of water (left) a flat lid with a target was placed on top of
the cup (target surface; right). In the conceptual task the red
ring was equal in circumference to the cup being held by the
participant. The ball placed on top of the target surface
represented fluid in the cup.

In each condition, except for the Visual condition, participants walked at three
different speeds: 0.6, 0.9, 1.2 m/s in random order. In the Walking condition each speed
was performed once. The Visual condition was performed three times at the preferred
walking speed established at the beginning of the protocol. In the Cup-Ball and the CupBall-Vis conditions each speed was performed three times, yielding 18 trials. In total
participants performed 27 trials. For the Walking and Cup-Ball conditions the trials were
each 45 s in duration. In the Visual and Cup-Ball-Vis conditions the trial lengths ranged
from 35-50 seconds. The variability in the trial length was due to the random intervals for
the presentation of the visual stimulus. In between conditions participants were given two
minutes of rest.

6.3.3 Data Collection and Processing
3D kinematics were collected using 10 Motion Analysis cameras (Motion Analysis,
Santa Rosa, CA) at a capture frequency of 120 Hz. Retro-reflective markers were used to
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define a full body kinematic model. (Figure 6.2). Retroreflective markers were also placed
on the corners of the cup’s target space to capture its 3D motion. To assess manual task
performance, a standard 16 mm glass marble was covered in retroreflective material to
track its motion. Verbal responses in the Cup-Ball-Vis condition were recorded by a
microphone in front of the treadmill. The microphone was placed as close to the individuals
mouth level as possible without disrupting their gait. The signal from the microphone was
then input into an analog to digital converter and recorded by the Cortex software (Motion
Analysis, Santa Rosa, CA) as a part of the motion trial. Initial post processing was done in
the Cortex software. Files were then exported to Visual 3D (C-Motion, Germantown, MD,
U.S.A) for further modeling. In Visual 3D the markers were filtered using a 2nd order
lowpass Butterworth filter with a 4 Hz cutoff frequency. Angles for all segments, except
for the pelvis, were calculated using an xyz rotation (flexion-extension/ abductionadduction/ internal external rotation). Pelvis angles were calculated using zyx (rotation,
obliquity, tilt) (Baker, 2001).
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Figure 6.2 Retroreflective Marker Setup. Full body retroreflective marker
configuration used to record 3D kinematics. The individual red circles on the skeleton
represent the anatomical markers used to define the segments. The grey plates were
used at tracking markers for the following segments: Thorax, pelvis, upper and lower
arms, thighs, and legs. The foot was tracked with the cluster of three markers placed on
the heel. The cup was tracked using the four markers on the corners target surface. The
head segment was tracked using a rigid head band (depicted here as two markers on the
frontal bone and two on the occipital bone). To capture the task space, a 16 mm marble
ball was covered in retroreflective tape.

All dependent variables were computed using custom software in MATLAB
(Mathworks, Natick, MA, U.S.A). The orientation of the lab’s coordinate system followed
a right-hand coordinate system, such that the medial-lateral direction corresponded with
the X-axis and anterior-posterior motion was in the Y-direction.

6.3.4 Dependent Variables
6.3.4.1 Task Performance
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6.3.4.1.1 Manual Task
Manual task performance was assessed by identifying the percentage of time the
ball spent inside the circular target on the cup for each trial (Figure 6.1). To do so a vector
magnitude was calculated between the ball’s position and the center of the circle for every
time point. When the vector magnitude was less than or equal to the radius of the circle,
the ball was considered “in” and was assigned a value of one. When the vector magnitude
was larger than the circle’s radius, it was considered “out” and scored as a value of zero.
For each trial the ones were summed, divided by the length of the trial and multiplied by
100 to obtain the percentage of time spent in the target space.

6.3.4.1.2 Visual Task
The visual task performance was assessed by counting the number of Landolt C’s
that were identified in each trial. The score was expressed as a percentage of the maximum
score of 6. Reaction time was then quantified by subtracting the amount of time that had
elapsed from when the C appeared to when the participant responded.

6.3.4.2 Head Motion
The head pitch angle was defined as the angle of the head relative to the thorax in
the sagittal plane. The time series were parsed into individual strides cycles (a stride cycle
is defined from right heel strike to right heel strike) and normalized to 100 data points. For
each stride the average head pitch angle and range of motion were calculated. The average
head pitch angle and range of motion for a trial was taken across twenty strides.
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6.3.4.3 Measures of Coordination
6.3.4.3.1 Continuous Relative Phase
The continuous relative phase (CRP) was calculated using the Hilbert Transform
(eq. 6.0) (Lamb & Stöckl, 2014). The Hilbert Transform (HT) is ideal for the calculation
of CRP because it does not make any assumptions about the nature of the input signal and
does not require the normalization of position and velocity for reconstruction of the state
space (Van Emmerik, Miller et al., 2018). For each trial, pelvis and thorax data were
subdivided by strides (a stride cycle is defined from right heel strike to right heel strike)
and the time normalized to 100 data points. A time normalized stride, x(t), is first
transformed into a complex signal (eq. 6.0) where H(t) is the Hilbert Transform:

𝜉𝜉(𝑡𝑡) = 𝑥𝑥(𝑡𝑡) + 𝑖𝑖𝑖𝑖(𝑡𝑡)

6.0

The phase angle of an individual signal (eq. 6.1) is then calculated using the
Hilbert Transform H(t) as the imaginary part, where t is time:
𝐻𝐻(𝑡𝑡 )

6.1

Φ(𝑡𝑡𝑖𝑖 ) = arctan( 𝑥𝑥(𝑡𝑡 𝑖𝑖) )
𝑖𝑖

The continuous relative phase (eq. 6.2) between the pelvis (H1(ti)) and thorax
(H2(ti)) for a single stride is:
𝐻𝐻 (𝑡𝑡 )𝑋𝑋 (𝑡𝑡 )−𝐻𝐻 (𝑡𝑡 )𝑋𝑋 (𝑡𝑡 )

CRP(𝑡𝑡𝑖𝑖 ) = 𝜙𝜙1 (𝑡𝑡𝑖𝑖 ) − 𝜙𝜙2 (𝑡𝑡𝑖𝑖 ) = arctan(𝑋𝑋1(𝑡𝑡 𝑖𝑖)𝑋𝑋2(𝑡𝑡 𝑖𝑖)+𝐻𝐻2(𝑡𝑡 𝑖𝑖)𝐻𝐻1(𝑡𝑡𝑖𝑖 ) )
1

𝑖𝑖

2

𝑖𝑖

1

𝑖𝑖

2

6.2

𝑖𝑖

The CRP and CRP variability between strides were calculated as the mean and
standard deviation across all 100 points, respectively. In total twenty strides were analyzed
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from each trial. Each variable was then averaged across the twenty cycles to generate a trial
mean.
6.3.4.3.2 Arm Range of Motion
To identify the sagittal plane range of motion of each arm, the maxima and minima
were identified in the shoulder angle, generating two new time series. Next a difference
between the maxima and minima time series was taken. The range of motion was then the
average difference across an entire trial.
6.3.4.3.3 Relative Power Index
The relative power index (RPI) was calculated to quantify arm-leg coordination
(eq. 6.3; Ford et al., 2007). The RPI is a ratio that takes into consideration amplitude of the
power spectrum of the sagittal plane shoulder angle at stride (P1) and step (P2) frequency.
To identify stride and step frequency a Fast Fourier Transform was performed on the
sagittal plane angles of the right hip. Stride and step frequency were defined as the two
largest peaks in the hip time series, stride being a lower frequency than step. When the RPI
ratio is greater than zero the arm-leg coordination is 1:1, below zero arm-leg coordination
is 2:1.
𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑃𝑃1 − 𝑃𝑃2
𝑃𝑃1 + 𝑃𝑃2

6.3

6.3.5 Statistical Analysis
In the Cup-Ball and Cup-Ball-Vis condition averages for each participant were
calculated by averaging across the three trials. A 2-Way Repeated Measures ANOVA was
used to test the effects of Condition (2; Cup-Ball, Cup-Ball-Vis) and Speed (3; 0.6, 0.9, 1.2
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m/s) on the manual task performance. To understand how performing a concurrent visual
and manual task affected reaction time, a One-Way ANOVA was used to test the effect of
Speed (3; 0.6, 0.9, 1.2 m/s). A 2-Way Repeated Measures ANOVA was used to test the
effects of Condition (3; Walking, Cup-Ball, Cup-Ball) and Speed (3; 0.6, 0.9, 1.2 m/s) on
the following variables: mean head pitch angle, head pitch range of motion, pelvis-thorax
CRP and CRP variability, arm range of motion, and RPI. When sphericity was violated a
Greenhouse-Geiser correction was made. The partial eta square (𝜂𝜂2 ) approximates effect

size in a factorial design ANOVA and were defined as small (𝜂𝜂2 = 0.01), medium (𝜂𝜂2 =

0.06), and large (𝜂𝜂2 = 0.14) (Cohen, 1988).
6.4 Results
6.4.1 Task Performance
6.4.1.1 Manual Task Performance

There was a significant Condition x Speed interaction (F1.56,29.58 =10.63, p = 0.001,
𝜂𝜂2 = 0.36), showing that manual task performance decreased with speed for the Cup-Ball-

Vis condition but not for the Cup-Ball condition (Figure 6.3, Appendix 6.1). The main
effect of Condition (F1.0,19.0=61.74, p <0.001, 𝜂𝜂2 = 0.77) confirmed that overall

performance decreased in the manual and visual task combined compared to the manual
task only condition (p < 0.001). There was also a main effect of Speed, (F1.60,32.12=5.95 p =

0.009, 𝜂𝜂2 = 0.24).
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Figure 6.3 Manual Task Performance. Manual Task performance (% correct) as a
function of walking velocity and experimental task. Data present mean ±Standard Error
(SE).
6.4.1.2 Visual Task Performance
When comparing the number of Landolt C’s correctly identified in the combined
visual and manual task condition to the baseline Visual condition, there were no differences
in performance (F3.0, 76 = 2.13, p = 0.10, 𝜂𝜂2 = 0.08 ). Within the Cup-Ball-Vis condition
there were no differences in the number of Landolt C’s correctly identified as a function of
speed (p= 1.0 for all comparisons). Although the number of correct responses weren’t
different, the reaction time significantly increased when the manual task was added across
all speeds (F3.0, 76 = 11.25, p < 0.001, 𝜂𝜂2 = 0.31 ; Table 6.2)
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Table 6.2. Visual Task Performance. Visual Task % Correct and Response Time (s)
Speed (m/s)
% Correct
Response Time (s)
0.6

98±3

0.84±0.16

0.9

98±4

0.81±0.12

1.2

97±5

0.79±0.12

Visual

100±0

0.66±0.06****

**** significantly lower than all three experimental conditions (p<0.001)

6.4.2 Head Motion
6.4.2.1 Mean Head Pitch Angle
When the visual task was added, head orientation assumed an intermediary position
between the Walking and Cup-Ball condition and remain consistent across speed (Figure
6.4, left panel; Appendix 6.2). The Condition effect (F1.65,31.23=133.73, p <0.001, 𝜂𝜂2 =

0.88) confirmed that head pitch angle in the Cup-Ball-Vis condition was larger compared

to Cup-Ball, but lower than the Walking condition (p’s < 0.001 for all comparisons). There
was a main effect of Speed (F2, 38=3.93, p = 0.04, 𝜂𝜂2 = 0.13). The significant Condition
x Speed interaction (F4,76 =2.81, p = 0.03, 𝜂𝜂2 = 0.13) for the mean head pitch angle showed

that head pitch angle increased slightly with speed in the Cup-Ball and Cup-Ball-Vis
conditions, but there were no pairwise differences.

6.4.2.2 Head Pitch RoM
A significant Condition effect (F1.35, 25.6 =12.57, p <0.001, 𝜂𝜂2 = 0.40) showed that

the head pitch range of motion in the Cup-Ball condition was smaller compared to both
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Walking and Cup-Ball-Vis (p = 0.001 for both comparisons) (Figure 6.4, right panel;
Appendix 6.2). When comparing the range of motion between the Walking and Cup-BallVis conditions, there were no differences (p = 0.14). The main effect of Speed (F2,38 =4.0,
p = 0.03, 𝜂𝜂2 = 0.17) showed a slight decrease in head pitch angle range of motion with an
increase in speed, but there were no pairwise differences among the speeds. This decrease
was observed in the Walking and Cup-Ball-Vis conditions but not in Cup-Ball. However,
the interaction between Condition x Speed was not significant (F2.34,45.78 =2.05, p = 0.13,
𝜂𝜂2 = 0.01).

Figure 6.4 Head Pitch Motion. Head pitch mean angle (left panel) and head pitch
range of motion (right panel) for the Walking, Cup-Ball, and Cup-Ball-Vis conditions
for each gait speed (m/s). Data present mean ±Standard Error (SE).
6.4.3 Measures of Coordination
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6.4.3.1 Continuous Relative Phase
6.4.3.1.1 Pelvis-Thorax CRP Average

When comparing average relative phase across the three conditions, there was a
significant Condition x Speed interaction (F2.26,42.95=18.30, p < 0.001, 𝜂𝜂2 = 0.50) (Figure

6.5, left panel). Cup-Ball or Cup-Ball-Vis showed different speed effects compared to

Walking. At the 0.6 m/s the Cup-Ball-Vis condition was more anti-phase than the CupBall and Walking condition. As gait speed increased this relationship changed, and the
Walking condition was more anti-phase (Figure 6.5, left panel; Append 6.3). There was no
significant main effect of Condition Cond (F1.45,27.56=1.17, p = 0.31, 𝜂𝜂2 = 0.058). Across
all three gait speeds pelvis-thorax coordination became more anti-phase, resulting in a

significant main effect of Speed (F1.38,26.24=189.28, p < 0.001, 𝜂𝜂2 = 0.91).
6.4.3.1.2 Pelvis-Thorax CRP Variability

Variability of pelvis-thorax CRP increased with speed as shown by a significant
main effect of Speed (F1.322,25.18=27.71, p < 0.001, 𝜂𝜂2 = 0.59) (Figure 6.5, right panel;
Appendix 6.3). There also was a significant main effect of Condition (F1.58,30.0=9.19, p =

0.02, 𝜂𝜂2 = 0.33), showing Cup-Ball and Cup-Ball-Vis were more variable than the

Walking condition (p < 0.01 for both comparisons). Both manual task conditions were not

different from each other (p= 0.23). There was no significant interaction between Condition
and Speed (F2.39,45.44=0.80, p = 0.48, 𝜂𝜂2 = 0.041).
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Figure 6.5 Pelvis-thorax Continuous Relative Phase. Pelvis-thorax continuous
relative phase (CRP; left panel) and coordination variability (CRP SD; right panel) for
all three walking conditions as a function of gait speed. Data present mean ±Standard
Error (SE).
6.4.3.2 Arm Swing Range of Motion

6.4.3.2.1 Constrained Arm

Figure 6.6 (left panel) shows that the constrained arm range of motion increased
with speed, whereas the Cup-Ball and Cup-Ball-Vis were relatively constant, resulting in
a significant interaction of Speed and Condition (F1.37,26.09=33.23, p < 0.001, 𝜂𝜂2 = 0.64)

(Figure 6.6, left panel; Appendix 6.4). As expected, the range of motion of the constrained

side in the Walking condition was larger compared to when the arm was carrying the cup
in the Cup-Ball and Cup-Ball-Vis conditions, as shown by a significant Condition effect
(F1.00,19.13=43.89, p < 0.001, 𝜂𝜂2 = 0.70). No significant difference was found between the
Cup-Ball and Cup-Ball-Vis conditions. There was also a main effect of Speed
(F1.42,26.94=62.64, p < 0.001, 𝜂𝜂2 = 0.77).
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6.4.3.2.2 Unconstrained Arm

For the unconstrained arm there was a main effect of Condition (F1.34,25.38=23.08, p
< 0.001, 𝜂𝜂2 = 0.55), The unconstrained arm’s range of motion was reduced from walking

to Cup-Ball to Cup-Ball-Vis (p < 0.01 for all pairwise comparisons) (Figure 6.6, right

panel; Appendix 6.4). A significant Condition x Speed interaction (F1.82,34.75=5.10, p <
0.001, 𝜂𝜂2 = 0.21), showed that these differences become more pronounced at higher gait

speeds. Individual comparisons for the Condition main effect showed that at the 1.2 m/s
gait speed, the range of motion in the Cup-Ball-Vis condition is significantly smaller
compared to the Walking condition (p = 0.04) but was not different compared to Cup-Ball
(p= 0.99). The main effect of Speed (F1.27,24.04=83.89, p < 0.001, 𝜂𝜂2 = 0.82) showed that

arm swing amplitude overall increased with speed.
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Figure 6.6 Arm Swing Range of Motion. Arm swing range of motion for the
constrained arm (left panel) and unconstrained arm (right panel) for all three walking
conditions as a function of gait speed. Data present mean ±Standard Error (SE).
6.4.3.3 Arm-Leg RPI

6.4.3.3.1 Constrained Arm RPI

For the constrained arm there was a significant Condition by Speed interaction
(F3.43,65.26 =13.56, p < 0.001, 𝜂𝜂2 = 0.42). The RPI analysis showed for the constrained arm

both Cup-Ball and Cup-Ball-Vis remain attracted to a 2:1 ratio across the three speeds,
while the strength of the 1:1 coupling increased in the Walking condition (Figure 6.7, left
panel; Appendix 6.5). The Condition (F1.20,22.84=104.52, p < 0.001, 𝜂𝜂2 = 0.85) main effect

confirmed that overall RPI values in the Walking condition were larger compared to CupBall and Cup-Ball-Vis (p < 0.001 for both comparisons), and there were no differences
between Cup-Ball and Cup-Ball-Vis (p = 0.91).
6.4.3.3.2 Unconstrained Arm RPI

There was a significant Condition x Speed interaction (F2.39,45.39 =3.47, p = 0.032,
𝜂𝜂2 = 0.15), showing that the strength of the 1:1 coupling increased with speed for all task

conditions, but more so for the walking than the Cup-Ball and Cup-Ball-Vis conditions
(Figure 6.7, right panel; Append 6.5). There was an overall main effect of Speed
(F1.29,24.51=27.43 p < 0.001, 𝜂𝜂2 = 0.59); RPI values at 0.6 m/s were significantly lower

compared to 0.9 m/s (p < 0.001) and 1.2 m/s (p < 0.001), but there were no differences
between the 0.9 m/s and 1.2 m/s speeds (p= 0.14). There was no main effect of condition
(F1.43, 27.15 =.65, p = 0.48, 𝜂𝜂2 = 0.03).
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Figure 6.7 Arm-Leg Relative Power Index. RPI for the constrained (left panel) and
unconstrained (right panel) for all three walking conditions as a function of gait speed.
Data present mean ±Standard Error (SE).
6.5 Discussion

The purpose of this study was to understand how individuals adapt to manually
control a complex object when asked to concurrently attend to visual information. We
sought to understand how performing two concurrent tasks would affect manual task
performance and how the intrinsic coordination dynamics adapted to these imposed
constraints. The results of the manual task confirmed our hypothesis that manual task
performance would decrease with the addition of a visual task (hypothesis 1). Because the
head is an important perceptual organ for orienting-investigatory activities, the second aim
was to understand potential differences in head orientation and movement under different
task constraints. The analysis of the average head pitch angle and head pitch angle range
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of motion (hypothesis 2) confirmed our hypothesis that the head would be more extended
relative to the thorax in the Cup-Ball-Vis compared to the Cup-Ball condition. Underlying
all adaptations to satisfy the task constraints are the body’s intrinsic dynamics. Therefore,
our final aim was to understand how performing a visual and manual task concurrently
effects the system’s intrinsic dynamics. With respect to pelvis-thorax coordination the
average CRP results confirmed our hypothesis that pelvis-thorax coordination would be
more in-phase when performing a concurrent visual and manual task (hypothesis 3). The
CRP variability results did not confirm our hypothesis that pelvis-thorax coordination
would become less variable with an increase in manual task and visual constraints. With
increasing task constraints in the Cup-Ball and Cup-Ball-Vis conditions, CRP variability
increased compared to the walking only condition. The analysis of the arm amplitude
confirmed our hypothesis (hypothesis 4) that arm amplitude would decrease with
increasing task constraints. Finally, we predicted (hypothesis 5) that the asymmetrical
constraints of the arms would result in the constrained arm maintaining a 2:1 coordination
with the legs, while the unconstrained side would transition from a 2:1 to a 1:1 coordination
with an increase in speed. The RPI of the arm-leg coordination confirmed our hypothesis.
The constrained arm maintained a 2:1 coupling with the legs while the unconstrained arm
transitioned to a 1:1 coupling with increased gait speed.

6.5.1 Task Performance

When visual task constraints were added, manual task performance decreased.
Similar findings were reported by Lim and colleagues (2015) in a walking and texting task.
When comparing standing still and texting to walking and texting, there were no
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differences in the number of correct words or words per minute. When a visual task (e.g.,
identify a change in the monitor color) was added to the walking and texting condition the
speed and accuracy of texting decreased. The decline in manual task performance
represents a potential trade off in people’s priorities when having to attend to visual
information. The maintenance of visual task performance in the combined ball and visual
task supports this interpretation.
When comparing the number of correct responses in the Cup-Ball-Vis conditions
to the baseline Visual condition, there were no significant differences in the number of
correct responses. Reaction time was longer when comparing Cup-Ball-Vis to visual alone,
but there was no effect of speed in the Cup-Ball-Vis condition. Despite an increase in
reaction time, on average participants responded within the time frame the Landolt C was
one the screen (1 s). When comparing the results of the current study to work done on
texting and walking, there is reason to believe the duration of the visual stimulus may have
not posed enough of a challenge to the participants, allowing them to maintain a high visual
task performance. Lim and colleagues (2015) reported decrements in visual and manual
task performance based on the difficulty of the visual task (high versus low visual acuity),
duration of the stimulus (0.5 or 1.0 s), and size of the visual field (wide versus narrow).
The authors reported visual task performance suffered the least when the duration of the
stimulus was 1 second, in a narrow visual field, with low demands on visual acuity. Our
visual task constraints mirrored these conditions. The participants in the current paradigm
were to identify when the Landolt C appeared on a centrally located screen (low visual
acuity and narrow visual field), while the Landolt C was left on the screen for 1 second.
Therefore, it is not of surprising that our participants performed well.
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6.5.2 Head Pitch Angle

When transporting a complex object through a cluttered environment, orientation
of the head is critical for acquiring perceptual information about the environment and
manual task. The significant interaction between Condition and Speed for the average head
pitch angle highlights the task dependent differences in head orientation in the Cup-Ball
and Cup-Ball-Vis conditions (Berthoz & Pozzo, 1994). Compared to the Walking and CupBall-Vis conditions, the head was more flexed relative to the thorax and had a smaller range
of motion in the Cup-Ball condition. Participants were able to maintain relatively consistent
range of motion across speeds in the Cup-Ball condition, suggesting they may have
increased the stiffness of the neck to maintain task performance. When gaze was fixed on
a point in space, Muluvara and coworkers (2002) reported that during moments of high
impact in the gaze cycle, the neck can increase stiffness to reduce the net displacement of
the head, while applying torque in the opposite direction of vertical displacement to
maintain task performance. In the Cup-Ball-Vis condition the head became smore extended
relative to the thorax compared to the Cup-Ball condition, as indicated by the larger head
pitch angle, and had a greater range of motion. Given that the number of visual stimuli
identified was not affected by gait speed, these results suggest that adaptations made in the
Cup-Ball-Vis conditions served orienting purposes. The decrease in manual task
performance between the Cup-Ball and Cup-Ball-Vis conditions can be attributed to
splitting the visual attention between two concurrent tasks, which would align with typical
interpretations found in the dual task literature (Hausdorff et al., 2008; Lim et al., 2015).
However, by attributing the decrements in manual task performance to visual attention
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alone does not recognize how the body’s motion may be contributing (Mulavara &
Bloomberg, 2002; Lim, Amado et al., 2015).

6.5.3 Coordination

6.5.3.1 Thorax-Pelvis Continuous Relative Phase

The significant interaction between Condition and Speed for the average pelvisthorax CRP showed that with increased gait speed there is more out-of-phase motion and
movement towards anti-phase, but this is reduced in the manual task conditions. Our results
are in line with studies which constrained arm motion through instructions or bracing.
When the arms are constrained, the pelvis-thorax interaction is more in-phase (Ford,
Wagenaar et al., 2007; Baird, 2012). Head stability is largely dependent on the thorax to
dissipate high frequency vibrations of the gait cycle (Kavanagh, Morrison et al., 2005;
Kavanagh, Barrett et al., 2006). The reduction in out-of-phase behavior at the 1.2 m/s speed
may represent a functional freezing of degree of freedom to prevent excessive movement
at the head (Vereijken, Van Emmerik et al., 1992; Van Emmerik, McDermott et al., 2005).
The notion that the pelvis-thorax coordination is playing a functional role in
stabilizing the head during task performance is supported by the main effect of Condition
in the CRP variability results. The Condition effect showed that both Cup-Ball and CupBall-Vis were overall more variable than the Walking condition. Our results are in line
with those of Togo and colleagues (2012). The authors had participants walk on a treadmill
carrying a cup of water and an equivalently weighted cup of rocks. Using the uncontrolled
manifold analysis, they demonstrated that when coordinating multiple segments across the
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entire system, variability used to support the manual task performance was larger than nonfunctional variability when carrying a cup of water. The relationship between functional
and non-functional variability was flipped (i.e., functional variability decreased, and nonfunction variability increased) when carrying the cup of stones. These findings are of
significance because they highlight the functional role of variability and how it is used to
support manual task performance. In a similar vein to the results reported by Togo and coworkers (2012), the increase observed in the current study in CRP variability at the level
of the thorax-pelvis interaction suggests this adaptation may serve a functional role. The
thorax has been shown to help dissipate the high energy oscillations from foot-ground
contact during gait from affecting head stability (Kavanagh, Morrison et al., 2005;
Kavanagh, Barrett et al., 2006). The increase in variability may be a strategy that helps
dissipate the impact forces to keep them from affecting head stability and manual task
performance (Togo, Kagawa et al., 2012).
6.5.3.2 Arm Swing

The range of motion for both arms decreased as task constraints increased (Figure
6.6). For the constrained arm the decrease in range of motion was expected because
excessive arm swing would disrupt manual task performance. The interesting finding was
a gradual reduction of the arm swing in the unconstrained arm as a function of increasing
task constraints. These results are not in line with the work done by Ford and colleagues
(2007). The authors reported that when a single arm was constrained (via an arm sling) the
amplitude of the opposite arm increased. When there are no visual or manual task
constraints to take into consideration, the increase in arm swing amplitude may be
beneficial. For example, Baird (2012) reported when the arms are kept from swinging
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whole-body angular momentum, a variable thought to be linked to gait stability, increases
(Popovic, Hofmann et al., 2004; Bruijn, Meijer et al., 2008; Herr & Popovic, 2008; Baird,
2012). This is largely due to an increased contribution of the legs to the whole-body angular
momentum because the pelvis-thorax interaction alone cannot generate enough angular
motion to counteract the contribution of the legs (Bruijn, Meijer et al., 2008; Baird, 2012).
Therefore, the increase in arm swing reported by Ford and colleagues (2007) may be a
means of compensating for the constrained arm in the maintenance of the upper body
angular momentum.
When the arm is constrained by an ecological task like transporting of mug of
coffee, excessive arm swing in the unconstrained arm may be detrimental to task
performance. The significant decrease in the unconstrained arm’s amplitude from the
Walking to Cup-Ball condition supports this claim. The further decrease seen in the CupBall-Vis condition may suggest that the body is attempting to freeze out degrees of freedom
as a means of balancing the various demands placed on the system (Vereijken, Van
Emmerik et al., 1992).

6.5.3.3 Arm-Leg Coordination

The asymmetry created between the arms as a function of transporting a complex
object alters arm-leg coordination. The Condition by Speed interaction for the
unconstrained arm showed that the Walking condition was clearly 1:1 and the strength of
the 1:1 relationship increased with speed, while for the manual task conditions there was a
maintenance of the 2:1 coordination. These results are in line with those reported by Ford
and colleagues (2007) who showed similar results when mechanically constraining an arm
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with a sling. Work done on the intrinsic dynamics of arm-leg coordination has shown that
the transition from 2:1 to 1:1 with the scaling of gait speed is inherently asymmetrical in
nature. For some individuals one arm may transition from a 2:1 to a 1:1 at a different gait
speed than the other arm. Some people show the 2:1 to 1:1 transition on one side while
maintaining a 1:1 coordination across all gait speeds on the other side (Wagenaar & Van
Emmerik, 2000; Donker, Beek et al., 2001; Kubo, Wagenaar et al., 2004). The addition of
the manual task may have simply amplified an existing asymmetry, suggesting the body’s
intrinsic dynamics continue to influence how the system operates in the face of task
constraints (Scholz and Kelso, 1990).

6.6 Conclusion

The purpose of this study was to understand how individuals adapt to manually
control a complex object when asked to concurrently attend to visual information. As
expected, manual task performance decreased with the addition of a concurrent visual task.
The reduction in manual task performance was linked to changes in head posture. On
average, the head pitch angle was more extended relative to the thorax and had a larger
range of motion in the Cup-Ball-Vis condition when compared to the Cup-Ball. This
afforded individuals the ability to quickly reorient their heads to satisfy competing task
constraints. Because the number of correctly identified visual stimuli did not change in the
Cup-Ball-Vis condition when compared to the Visual baseline, the results suggest that the
visual task was prioritized. The performance of a manual and visual task led to a more inphase thorax-pelvis coordination and an increase in coordinative variability as gait speed
increased. Because coordinative variability was not different between the Cup-Ball and
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Cup-Ball-Vis conditions we can conclude that variability played a functional role in both
visual and manual task performance. When the system was progressively more constrained
(Cup-Ball-Vis is more constraining compared to Cup-Ball) the range of motion of the arm
swing decreased, most notably in the unconstrained arm. Although the unconstrained arm
motion decreased with increase constraints, a 1:1 arm-leg coordination was maintained
across all experiment speeds. This adaptation is critical for the regulation of angular
momentum between the upper and lower body. The 2:1 coordination on the constrained
side allows the body to tune high impact events in the gait cycle as a means of preventing
forces generated from affecting task performance. Taken together, our results demonstrate
the reorganization of intrinsic gait dynamics during different object transport tasks and
points at the functionality of coordinative gait variability in maintaining manual task
performance during object transport.
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Appendix 6.1: Manual and Visual Task Performance Metrics

Table 6.A.1. Manual task percent correct mean, standard deviation, and confidence
intervals

Table 6.A.2. Reaction time mean (s), standard deviation, and confidence intervals
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Appendix 6.2: Head Pitch Average and Range of Motion
Table 6.A.3. Average head pitch angle (O) mean, standard deviation, and confidence
intervals

Table 6.A.4. Head pitch range of motion (O) mean, standard deviation, and confidence
intervals
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Appendix 6.3: Pelvis-thorax CRP and CRP Variability
Table 6.A.5. Pelvis-thorax average CRP (O) mean, standard deviation, and confidence
intervals

Table 6.A.6. Thorax-Pelvis average CRP variability (O) mean, standard deviation, and
confidence intervals
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Appendix 6.4: Arm swing range of motion
Table 6.A.7. Constrained arm range of motion mean (O), standard deviation, and
confidence intervals

Table 6.A.8. Unconstrained arm range of motion (O), standard deviation, and
confidence intervals
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Appendix 6.5: Arm-Leg Relative Power index
Table 6.A.9. Constrained arm-leg RPI mean, standard deviation, and confidence
intervals

Table 6.A.10. Unconstrained arm-leg RPI mean, standard deviation, and confidence
intervals
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CHAPTER VII
GENERAL DISCUSSION
7.1 Introduction
The purpose of this dissertation was to investigate how the intrinsic dynamics of
gait adapt to support object transport under different locomotor and perceptual constraints.
The intrinsic dynamics of gait, or the naturally occurring patterns when the body is
minimally constrained, have long been established by scaling gait speed. The stable
patterns that emerge are a function of the interaction among the body’s segments in order
to maintain dynamic equilibrium between the upper and lower body. These intrinsic
dynamics afford a stable platform for orienting toward the environment in which the
individual is nested. The experiments presented in this dissertation sought to understand
how: 1) intrinsic gait dynamics adapt to support object transport during walking, and 2)
individuals adapt to manually control a complex object when asked to concurrently attend
to visual information. Understanding how manual and visual task performance occur
relative to intrinsic gait dynamics provides context for the adaptive capacity of the
locomotor system.

7.2 Description of The Manual Task
In the series of experiments presented in this dissertation, we focused on the control
of complex objects because of the challenges they present to the control of movement. An
object is considered complex if it has internal degrees of freedom that are free to move
(Sternad & Hasson, 2016). An example of this kind of object is a glass of water. When
transporting a glass of water, the goal is to not spill, but the only way to control fluid motion
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is by wielding the cup. Because the fluid motion is non-linear, forces applied to the cup
may not have a proportional effect, making it difficult to predict future outcomes. To
capture this behavior a model system was created where a wooden lid was placed on top
of a standard household cup. On the lid there was a circular region with the same
circumference as the cup (see Figure 3.1). The object of the task was to keep the ball inside
the circular region.

7.3 Study 1: Object Transport and The Maintenance of Intrinsic Gait Dynamics
The purpose of study 1 was to understand how intrinsic gait dynamics adapt to
support object transport. Specifically, the first aim sought to understand how altering
normal arm swing would affect the pelvis-thorax and arm-leg coordination. Aim two
sought to establish how gait speed would affect coordination dynamics when performing a
manual task. Arm swing plays an important role in the emergence of stable gait dynamics,
but in the context of manual task performance it can be detrimental. Therefore, aim three
focused on establishing a relationship between the amplitude of the unconstrained arm and
manual task performance. Young, healthy participants performed three task conditions:
normal walking (Walking), walking with the cup only (Cup), and walking with the ball cup
system (Cup-Ball), at six different speeds (0.4 – 1.4 m/s in 0.2 m/s increments).
To address aims one and two our dependent variables to assess coordination were
pelvis-thorax Continuous Relative Phase (CRP), CRP variability, and the relative power
index, RPI, of the arm-leg frequency coupling. The RPI is a ratio that takes the spectral
power of the arms at stride and step frequency to understand whether people are in a 1:1 or
2:1 coordination regime. It was hypothesized that: pelvis-thorax coordination would be
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more in-phase and less variable when performing a manual task while walking (hypothesis
1), and that the arm constrained by the manual task would maintain a 2:1 relationship and
the unconstrained arm would transition from a 2:1 to 1:1 arm-leg coordination with
increases in walking speed (hypothesis 2). The pelvis-thorax CRP results showed that when
performing a manual task, the relationship was more in-phase compared to normal walking
and walking with the cup only as gait speed increased. However, the coordination between
the two segments was more variable carrying the cup only and when performing the manual
task compared to normal walking. Therefore, hypothesis 1 was only partially supported.
The results of the RPI analysis revealed differences between the constrained and
unconstrained sides of the body (in the normal walking condition, the constrained side
refers to the arm participants selected to carry the cup). On the constrained side, in the
normal walking condition, arm-leg coordination was 1:1. The strength of the coupling
increased as gait speed increased, as indicated by larger RPI values. When carrying the cup
alone, arm-leg coordination was also 1:1, but compared to normal walking, the strength of
the coupling was weaker. When performing the manual task, the RPI for the constrained
arm revealed coordination transitioned to a 2:1 relationship. The unconstrained arm
maintained a 1:1 coordination across all three conditions (Walking, Cup, Cup-Ball),
confirming hypothesis 2. To address aim three the range of motion of the arms in the
sagittal plane was calculated. Manual task performance was assessed by quantifying the
amount of time participants spent in the target zone as a function of the total trial time
(percent correct). It was hypothesized that: arm swing would decrease when performing
the manual task (hypothesis 3), and there would be an inverse relationship between
amplitude of the unconstrained arm swing and manual task performance (hypothesis 4).
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The analysis of the arm swing range of motion on the constrained side showed an
anticipated significant decrease in the Cup and Cup-Ball conditions compared to free
Walking, without an increase in range of motion as a function of gait speed. The range of
motion of the unconstrained arm revealed the Cup and Cup-Ball conditions were larger
compared to the Walking condition at the fast gait speeds. Therefore hypothesis 3 was only
partially supported. To identify if a relationship between the manual task performance and
arm swing existed, a regression analysis was conducted. The results showed at the faster
speeds (1.2 m/s and 1.4 m/s) there was a significant negative correlation between manual
task performance and arm swing, supporting hypothesis 4 and indicating that participants
who reduced the range of motion of the unconstrained freely moving arm performed better
in the manual task.
From the results of study 1 we concluded that the adaptations observed across the
system were in support of manual task performance. The more in-phase pelvis-thorax
coordination at the faster speeds allowed the arm carrying the cup to synchronize with the
step frequency, resulting in the 2:1 coordination on the constrained side. This adaptation
affords individuals the opportunity to tune the body in preparation for the impact of each
heel strike, allowing the maintenance of manual task performance across a range of gait
speeds. Arm swing plays an important role in the maintenance of whole-body angular
momentum, a variable linked to gait stability. When the arms are constrained whole-body
angular momentum increases because thorax-pelvis interaction alone cannot produce
enough angular momentum on their own to cancel the contribution of the legs. Therefore,
the preservation of the 1:1 coordination on the unconstrained side is functional because the
motion of the arm is contributing to the maintenance of whole-body angular momentum.
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7.4 Study 2: Coordinative Adaptations to Visual Task Performance During Object
Transport During Gait
The purpose of study 2 was to understand how individuals adapt to manually
control a complex object when asked to concurrently attend to visual information. Aim 1
focused on understanding how the performance of concurrent visual and manual tasks
would affect the pelvis-thorax and arm-leg coordination. Because individuals would have
to attend to visual information while performing the manual task, the focus of aim two was
to understand how a concurrent visual task would affect manual task performance. Aim
three was to understand how head motion would adapt to satisfy the visual and manual task
constraints. Young, healthy participants performed four task conditions: normal walking
(Walking), walking with the ball-cup system (Cup-Ball), walking while performing a
visual task (Visual), and combined manual and visual task (Cup-Ball-Vis). The visual task
required individuals to identify when a Landolt C optotype appeared on a screen in front
of them. The Visual condition established a baseline response rate and performance
measure at the individual’s preferred walking speed. Walking, Cup-Ball, and Cup-Ball-Vis
were performed at three different gait speeds (0.6, 0.9, 1.2 m/s).
Manual task performance was expected to decrease when visual information was
introduced (hypothesis 1). It was quantified by the amount of time participants spent in the
target zone as a function of the total trial time (percent correct). The performance of a
concurrent visual and manual task in the Cup-Ball-Vis condition led to a decrease in
manual task performance, supporting hypothesis 1. Head pitch angle and head pitch range
of motion were used assess changes in head posture as a function of task performance.
Visual task performance was assessed by counting the number of stimuli correctly
identified and by how long it took them to react to the stimuli (reaction time). Because
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visual attention is divided between the two tasks it was expected that the head would be
more extended relative to the thorax in the Cup-Ball-Vis condition compared to the CupBall (hypothesis 2). In the Cup-Ball-Vis condition the head pitch was more extended
relative to the thorax and had a greater range of motion compared to the Cup-Ball condition,
supporting hypothesis 2. Visual task performance, based on the number of visual stimuli
identified, remained consistent between the Visual baseline condition and the three
experimental conditions (Walking, Cup-Ball, Cup-Ball-Vis), despite an increase in
reaction time. The dependent variables pelvis-thorax CRP, CRP variability, and arm-leg
RPI were the main measures to understand how manual and visual task performance
affected coordination. The arm range of motion was assessed to understand how the
performance of the concurrent tasks affected arm motion. Because the thorax plays an
important role in stabilizing the head and the arm performing the task, we hypothesized
that the pelvis and thorax would be more in-phase and less variable (hypothesis 3). The
arm range of motion was expected to decrease as a means of stabilizing the upper body and
thereby aiding in stabilizing the head (hypothesis 4). Due to the asymmetrical constrains
imposed by the performance of the manual task, we hypothesized the arm that is
constrained by the task would maintain a 2:1 relationship and the unconstrained arm would
transition from a 2:1 to 1:1 arm-leg coordination as a function of gait speed (hypothesis 5).
The results of the pelvis-thorax coordination analysis showed that both Cup-Ball and CupBall-Vis conditions were both more in-phase and more variable compared to normal
walking as gait speed increased, supporting hypothesis 3 with no differences observed
between the two manual task conditions. The range of motion analysis showed that the
addition of the of a manual task reduced the range of motion in both arms. In the
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unconstrained arm, the addition of the visual task led to further decreases in the arm’s range
of motion, supporting hypothesis 4. The RPI analysis of the constrained side showed during
normal walking conditions the arm maintained a 1:1 coordination, while both manual tasks
conditions maintained a 2:1 relationship with the legs. The unconstrained arm maintained
a 1:1 relationship, irrespective of the constraint that was placed on the system, supporting
hypothesis 5.
From the results of study 2 we can conclude manual task performance is affected
by the addition of a concurrent visual task. Visual task performance did not get disrupted
because the head pitch angle was more extended relative to the thorax when compared to
the manual task only condition, and the head had a larger range of motion. Pelvis-thorax
coordination became more in-phase at the fast speed and was more variable in the manual
task conditions when compared to normal walking. The trunk has been suggested to act as
a low pass filter, keeping high frequency vibrations from reaching the head and affecting
gaze stability (Kavanagh, Morrison et al., 2005; Kavanagh, Barrett et al., 2006). Given that
visual task performance was unaffected, the increase in pelvis-thorax coordinative
variability can be interpreted as a functional adaptation because it may have been used to
attenuate the shock from the foot-ground contact. A reduction in the unconstrained arm’s
amplitude, as observed here in the manual and visual task conditions, may have been an
adaptation to help stabilize the manual task while still maintaining a 1:1 arm -leg
coordination pattern.

7.5 Manual Constraints Alter Arm-Leg Frequency Dynamics
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In study 1 walking while holding the cup alone allowed the body to maintain a 1:1
coordination with the legs. When the manual task was introduced, arm-leg coupling
transitioned to 2:1 coupling. In study 2 there were no statistical differences between the
manual task only condition and the combined visual-manual task. Taking the results of
study 1 and study 2 together suggests that it was the manual task that led to changes in armleg frequency dynamics. Previous studies have reported that the transition from 2:1 to 1:1
does not happen symmetrically between the arms for all individuals, where one side of the
body may transition at a different gait speed compared to the other side. This suggests that
an asymmetry between the arms may be an intrinsic property of the system that exists
independent of task constraints (Wagenaar & Van Emmerik, 2000; Donker, Beek et al.,
2001; Kubo, Wagenaar et al., 2004). Based on the results reported in studies 1 and 2 we
can suggest that when the arm is constrained by the manual task the body can exploit the
intrinsic properties, allowing for the 1:1 and 2:1 patterns to coexist and highlighting that
multi-stability is an inherent feature of the system.

7.6 Constrained Arms Affect Pelvis-Thorax Coordination
Arm swing plays an important role in the counter rotation of the thorax and pelvis
in the transverse plane. As gait speed increases, for the pelvis to increase its amplitude of
rotation the arms must begin to swing reciprocally, or transition from 2:1 to 1:1 to suppress
transverse thorax rotation (Kubo, Holt et al., 2006; Bruijn, Meijer et al., 2008). Previous
work on the contribution of the arms to intrinsic gait dynamics have shown that the pelvis
and thorax become more in-phase when the arms are constrained (Ford, Wagenaar et al.,
2007; Seay, Hasselquist et al., 2011; Baird, 2012). The results of studies 1 and 2 showed
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that pelvis-thorax coordination became more in-phase when performing the manual task at
faster gait speeds. An important point to highlight when comparing the previous studies to
the work presented here is that the nature of the imposed constraints were different. Baird
(2012) and Ford and colleagues (2007) both used a brace to prevent the arm(s) from
swinging while Seay et al. (2011) had participants walk while holding a rifle. Taking our
results together with the earlier studies, suggests that the type of constraint placed on the
arms may not be important. Rather it is the act of constraining the arms that leads to a more
in-phase coordination between pelvis and thorax as gait speed increases.

7.7 Functional Role of Asymmetries
The combined coordination and manual task performance results from study 1 and
study 2 suggest the coexistence of the 1:1 and 2:1 arm-leg coordination on the
unconstrained and constrained sides, respectively, are functional adaptations. For the
constrained side the 2:1 arm-leg coordination means the arm is coupled to the step
frequency (Kubo, Wagenaar et al., 2004). When transporting a container filled with water
over ground, Gysin and colleagues (2003) reported people synchronized the production of
grip force with gait events. Peak grip forces exerted on the cup, by the thumb and first three
fingers, occurred at heel strike. The authors reported that the grip force continued to be
modulated throughout the gait cycle and was lowest during the stance phase (Gysin,
Kaminski et al., 2003). Therefore, based on the results of study 1 and study 2, we can
conclude the 2:1 arm-leg coordination was exploited by the body to support manual task
performance. By being attuned to heel strikes, the system can brace the cup for impact
thereby preventing high frequency vibrations from affecting task performance.
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The maintenance of the 1:1 coordination allowed the unconstrained arm to
contribute to the intrinsic dynamics of gait. Biomechanical stability emerges from the
continued interaction of the unconstrained arm with the rest of the system as it works to
support manual task performance. In study 1 the unconstrained arm’s range of motion was
larger when individuals transported the cup compared to the normal walking condition.
These results are in line with those of Ford and colleagues (2007). They too reported the
amplitude of the unconstrained arm was larger compared to normal walking when the
opposite side was constrained through bracing. Biomechanically this may be functional
because the arms contribute to counterbalance the contributions of the legs to whole-body
angular momentum (Bruijn, Meijer et al., 2008; Baird, 2012). Angular momentum is
considered a measure of gait stability, therefore an increase in the unconstrained arm’s
range of motion may indicate that it is attempting to compensate for the lack of motion in
the constrained arm. However, a major difference in the current set of studies compared to
the previous work (Ford et al, 2007) is that an increase in the unconstrained arm’s motion
could affect manual task performance. The manual task results reported in study 1 showed
that on average performance was maintained across speed, suggesting that there was no
relationship between unconstrained arm-swing and manual task performance. However, a
regression analysis between the unconstrained arm’s range of motion and manual task
performance demonstrated the emergence of a significant negative correlation between the
two variables at speeds above 1.2 m/s. Individuals who reduced the amplitude of the
unconstrained arm performed better on the manual task. The unconstrained arm swing
results from study 2 supports this interpretation. With the addition of manual task
constraints there was a significant reduction in the amplitude of the unconstrained arm. It
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is important to note that the behavior of the unconstrained arm was different between study
1 and study 2. In study 2 the unconstrained arm swing amplitude decreased in the manual
task condition and the combined visual and manual task. The difference could be a result
of a slight change in the paradigm. In study 2 participants were not exposed to carrying a
cup with no manual task constraints. Whereas in study 1 all the participants performed the
walking with cup only condition before performing the manual task condition. In addition,
in study 2 the participants performed the manual task at fewer gait speeds. The combination
of these two factors may have been the source of the differences between the two studies.
Despite differences in behavior, the findings of studies 1 and study 2 together are of
significance because they suggest that for some people biomechanical stability was more
important (more arm swing) while for others the task performance, potentially at the cost
of stability. For older individuals and disease populations understanding how they navigate
the potential trade-off between biomechanical stability and manual task performance needs
will be an important future direction for this line of research.

7.8 Locomotor Intrinsic Dynamics Adapt to Support Head Reorientation
In study 2 the addition of a visual task demand resulted in a more extended head
orientation relative to the thorax as well as a greater range of motion compared to the
manual task only condition. When comparing the number of correctly identified stimuli in
the walking and visual task only to the three experimental conditions (0.6, 0.9, 1.2 m/s),
visual task performance was not affected. This may be due to the increase in coordinative
variability seen in the pelvis-thorax interaction. The thorax plays an important role in
stabilizing the head and acts a low pass filter by dissipating high frequency vibrations from
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reaching the head (Pozzo, Berthoz et al., 1990; Hirasaki, Moore et al., 1999; Imai, Moore
et al., 2001; Kavanagh, Morrison et al., 2005; Kavanagh, Barrett et al., 2006). The increase
in coordinative variability, at the level of the pelvis-thorax interaction, may have facilitated
head stability in both the manual task only and the combined manual visual task conditions.
Variability may have also played a functional role in the performance of the manual task.
In both studies 1 and 2, when there were no competing visual task demands, manual task
performance was maintained across speeds. A more variable pelvis-thorax interaction may
have facilitated this by accommodating the differences in arm swing behavior between the
constrained and unconstrained sides. Taken together, the results of study 1 and study 2
suggests that participants may have been trying to freeze out some of its biomechanical
degrees to help stabilize the upper body under the competing constraints, but remained
flexible and adaptable (Vereijken, Van Emmerik et al., 1992).

7.9 Future Directions
The 1:1 arm-leg coordination is important for the maintenance of whole-body
angular momentum. When the arms are kept from swinging, pelvis-thorax coordination is
in-phase, and whole-body angular momentum increases. The increase is due to a larger
contribution from the lower limbs. Constraining a single arm either through mechanical
bracing or as a function of a manual task constraint, as has been shown here, have similar
effects on pelvis-thorax coordination. Although the unconstrained arm in the current study
maintained a 1:1 coordination with the legs, it is unclear if angular momentum is conserved
between the upper and lower body. Because whole-body angular momentum has been
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shown to be a conserved value during gait, an important future direction would be to assess
how it is impacted when individuals are performing a manual task.
An important contribution made by the series of studies presented here is that they
showed that adaptations are made across the entire body to support manual task
performance, demonstrating the synergistic nature of the control of action. By using CRP
and RPI as our basic measures of coordination, an understanding of the specific nature of
how coordinative relationships across the body change under imposed manual and visual
task constraints. In both studies 1 and 2 the increase in pelvis-thorax variability was
interpreted as functional adaptations to prevent high frequency vibrations from affecting
the visual and manual task. Although this interpretation is plausible, another means of
assessing the role of variability in the performance of manual and visual tasks during
locomotion would be using the Uncontrolled Manifold (UCM) technique. The UCM can
parse variability into functional and non-functional variability. Togo and colleagues (2012)
utilized the technique to show an increase in functional variability when carrying a cup of
water versus an equally weighted cup of stones (Togo, Kagawa et al., 2012). Their analysis
focused largely on sagittal plane dynamics on the side constrained by the cup. Based on
the results of the current study, we known that the interactions that allow for successful
manual task performance are complex and multi-planar. The manual task used in this
dissertation allows for specific control of the task space, potentially creating more
opportunities to understand how the body would use variability functionally, compared to
using an actual cup of water. Therefore, the use of the UCM is an important next step in
understanding whole-body coordination to support manual task performance.
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7.10 Conclusions
This dissertation has advanced our understanding of how intrinsic gait dynamics
adapt and interact while transporting objects and attending to visual information in the
environment. The changes observed in pelvis-thorax coordination as a function of altered
arm-leg frequency dynamics confirms previous findings in the literature that show the
importance of arm swing for the maintenance of stable gait dynamics. The emergence of
asymmetrical arm-leg frequency couplings as a function of task constraints is a significant
contribution to the literature because it confirms previous findings that the transition from
a 2:1 to 1:1 frequency coupling can occur asymmetrically between the right and left side
of the body. Furthermore, the results of this dissertation suggest that the asymmetry serves
two functional purposes: the 1:1 arm-leg coordination affords the unconstrained arm the
ability to continue to contribute to normal gait dynamics, while the 2:1 arm-leg coupling
in the unconstrained arm tunes to heel strike events as a means of preparing the body to
dissipate the impact force, keeping it from disrupting the manual task. Because the behavior
of each arm differed, when the arms were asymmetrically constrained, an increase in
coordinative variability at the level of the pelvis-thorax interaction suggests that it played
a functional role in supporting both manual and visual task performance. The significance
of the findings here is that they demonstrate how task constraints alter intrinsic
coordination dynamics during walking in order to support performance while at the same
time maintaining gait stability.
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